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UPTAKE OF ORGANIC CONTAMINANTS IN WETLAND PLANTS: A 
STUDY FOR MONOCHLOROBENZENE WITH A MODELLING 
APPROACH  
SUMMARY 
 
Removal of organic contaminants from the environment by phytoremediation has 
been a subject of interest in recent years due to the difficulties of removing those 
mostly persistent compounds with conventional methods. Degradation mechanisms 
need a better understanding in the means of processes that occur in order to develop 
better removal applications and they are still being investigated. In this study, a 
laboratory study was carried out regarding the removal of monochlorobenzene 
(MCB) by willow trees from water and degradation rate constants for these processes 
were determined. Since phytoremediation involves microorganisms as well as plants, 
the focus of this thesis study has been on finding out whether plants or bacteria are 
more efficient in removal of MCB from water. Following laboratory studies, a 
mathematical model was implemented for MCB using the rate constants obtained 
from the experiment.  
Due to highly volatile nature of MCB, it was found that volatilization was the 
dominant process in degradation; however, bacterial degradation was also found to 
have an important effect. Although plant uptake was found to be the least effective 
process compared to others; yet, presence of plants had still an improving effect on 
overall efficiency. The model that was implemented for the degradation of MCB 
from a solution was also applied to a constructed wetland by the end of the modelling 
approach.  
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ORGANĐK KĐRLETĐCĐLERĐN SULAKALAN BĐTKĐLERĐYLE ALIMI: 
MONOKLOROBENZEN ĐÇĐN MODELLEME YAKLAŞIMLI BĐR 
ÇALIŞMA 
ÖZET 
Organik kirleticilerin fitoremediasyon yoluyla giderilmesi, genellikle dirençli olan bu 
bileşikleri konvansiyonel tekniklerle gidermedeki zorluklar sebebiyle ilgi gösterilen 
bir konu haline gelmiştir. Bitkiler tarafından gerçekleştirilen giderim mekanizmaları 
daha iyi giderim yöntemlerini geliştirmek için prosesler hakında daha iyi bir anlayışa 
sahip olmayı gerektirmektedir ve halen araştırılmaktadır. Bu çalışmada 
monoklorobenzen (MCB)’nin söğüt ağaçlarıyla giderimi hakkında bir laboratuvar 
çalışması yapılmış ve bu prosesler için giderim hızları belirlenmiştir. 
Fitoremediasyon bitkileri olduğu kadar mikroorganizmaları da içerdiği için bu tez 
çalışmasının odaklandığı konu bitkilerin mi ya da bakterilerin mi sudan MCB 
gideriminde daha etkili olduğunu bulmak olmuştur. Laboratuvar çalışmasını takiben 
elde edilen katsayıları kullanarak MCB için bir matematik model uygulanmıştır. 
MCB’nin yüksek derecede uçucu bir yapıya sahip olması nedeniyle volatilizasyon 
baskın olan proses olarak bulunmuştur; ancak, bakteri giderimi de önemli bir etkiye 
sahip olarak bulunmuştur. Bitkiler tarafından alım diğerlerine göre en az etkili proses 
olarak bulunmasına rağmen bitkilerin varlığının giderim verimi üzerinde önemli 
etkisi olmuştur. MCB’nin sudan giderimi için uygulanan model, modelleme 
yaklaşımının sonunda aynı zamanda bir yapay sulakalana uygulanmıştır. 
  
xx
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1. INTRODUCTION 
1.1 Background 
Thousands of organic chemicals are synthesized and used in various activities of 
humans and eventually are released into air, water and soil. Removal of most of these 
chemicals from the environment with conventional treatment methods is not possible 
due to their persistent nature. Plants are known to uptake and accumulate various 
organic and inorganic compounds from water and soil and there is extensive search 
and growing interest in recent years for the removal of persistent organic 
contaminants from the environment by “phytoremediation”. One of the applications 
of phytoremediation is “constructed wetlands” which are available particularly for 
treatment of wastewater. Various types of plants are used in these wetlands which are 
also being investigated for the removal of specific toxic and persistent contaminants 
from wastewater as well as groundwater. Wetlands provide life not only for plants 
but also other organisms such as bacteria that live in soil near plant roots. Therefore, 
a certain necessity comes up to research and better understand the roles of wetland 
plants and bacteria in the removal of organic chemicals from the environment and 
find out which one has a more important role. An understanding for such processes is 
crucial because it could help with providing more efficient applications in 
phytoremediation for various plants and contaminants; for instance, by contribution 
to model development. As Trapp, 2004 stated, models for predicting uptake and 
transport of chemicals in plants can be needed in phytoremediation to determine the 
best treatment strategy.  
1.2 Purpose and Scope of the Thesis 
The purpose of this master’s thesis was to investigate the processes that took part in 
the elimination of monochlorobenzene (MCB) from water in the presence of willow 
(Salix viminalis) and addition of bacteria coming from wetlands in Leuna and 
Bitterfeld, Germany experimentally. Moreover, it was aimed to use the experimental
2 
 
results for the development of a model which can predict those removal processes 
from a solution and eventually predict the removal of MCB from a wetland.  
For this purpose, four steps were followed: 
1) Two experiments with MCB, non-sterile willow cuttings and bacteria coming 
from wetlands in Leuna and Bitterfeld, Germany were conducted at Danmarks 
Tekniske Universitet, DTU. In addition, a toxicity test (Trapp, 2000) was 
performed for sodium azide (NaN3), which was used in the second experiment to 
inhibit bacterial activity. 
2) The results from experiments were used to calculate degradation rates for the 
removal processes of MCB from the solution. 
3) The calculated rates were then used in a mathematical model in Excel which was 
developed based on the study by Larsen et al. (2005). The model Larsen et al. 
(2005) developed could estimate the uptake and metabolism of cyanide in 
willow trees. It included closed bottle tests to determine metabolism inside 
plants and the model included related parameters. However, in the scope of this 
thesis, closed bottle tests were not performed and metabolism in plants was not 
included in the model since the main focus here was on the loss processes of 
MCB from the solution.  
4) Finally, the model that was developed was also implemented for a wetland in 
order to see what the prediction of MCB loss would be in a wetland.
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2. THEORETICAL BACKGROUND 
2.1. Monochlorobenzene (MCB) 
2.1.1 Properties of MCB 
Monochlorobenzene (MCB) is a member of a group of chlorinated benzenes that are 
cyclic aromatic compounds. It is a colorless liquid at room temperature and has an 
almond-like odor.  It is a flammable and volatile organic compound with a moderate 
vapor pressure. It has a low solubility in water. The octanol/water partition 
coefficient of MCB is moderate; therefore, it has a moderate affinity for lipid tissue 
(IPCS, 1991a). Table 1.1 shows various physical and chemical properties of MCB 
and Figure 1.1 shows the molecular structure of the compound. 
 
Figure 1.1: Molecular structure of MCB (ATSDR, 1990) 
2.1.2 Sources and use of MCB  
MCB is not found naturally in the environment. It is produced by chlorination of 
benzene in the presence of a catalyst. Primary use of chlorobenzenes is as 
intermediates in the production of pesticides or other chemicals (IPSC, 1991a). It 
was stated in ATSDR, 1999 that chlorobenzene production was the highest in 1960 
in the United States and it decreased by more than 60% since then.  
According to Riegel, 2003, the production of MCBs had its highest value with a 
production capacity of around 600 million lb (272.1 million kg) and it dropped to 
152 million lb (68.9 million kg) in 1998. The main reason for the decrease in MCB 
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production is that cumene replaced MCB as a preferred raw material in the 
manufacturing of phenol. In addition, MCB was used in the production of the 
herbicide DDT and the elimination of DDT had a role in the decrease of MCB 
production as well.  
Table 1.1: Physical and chemical properties of monochlorobenzene               
Properties            Source  
    
Chemical name                                 Chlorobenzene   ATSDR, 1990 
CAS Number                                    
Molecular formula  
Relative molecular mass                                                          
108-90-07 
C6H5Cl    
112.6                  
IPCS, 2010   
IPCS, 2010 
IPCS, 2010                           
Synonyms     Benzene chloride, 
phenyl chloride, 
chlorobenzol, 
MCB                             
 
 
 
ATSDR, 1990 
 
Density at 25 °C (g/mL)                   1.106                                                 Sigma Aldrich, 
2010 
Melting point (°C)                            - 45.6                                                 ATSDR, 1990 
Boiling point (°C) 132.0                                                    ATSDR, 1990  
Flash point (°C)                                 27 IPCS, 2010           
Aqueous solubility at 25 
°C (mg/L)   
293    IPCS, 1991a 
Solubility in organic 
solvents 
Soluble in alcohol, 
ether, benzene 
ATSDR, 1990   
    
The largest use of MCB is stated as in the production of chloronitrobenzenes, which 
makes up about 59% of all consumption. Chloronitrobenzenes include compounds 
that are used in rubber processing, production of the pain reliever named 
acetaminophen, insecticides and several azo pigments as well as many dyes. MCB is 
also used for pesticide formulation and in MDI processing as a solvent with 13% of 
all consumption and the remaining 18% is used for production of 
dichlorodiphenylsulfon, which is an intermediate in the production of sulfone 
polymers (Riegel, 2003). 
2.1.3 Environmental and health effects of monochlorobenzene 
MCB is irritating to eyes and skin as well respiratory tract of humans (IPCS, 1991a). 
Liver, kidneys and central nervous system are the main parts in humans that can be 
affected negatively by MCB according to inhalation studies in humans and animals 
as well as oral studies in animals. MCB was not found to be carcinogenic or 
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mutagenic during studies; however, it was found to cause liver nodules in animals at 
a dose of 120 mg/kg/day. Animal studies show that MCB can be neurotoxic and 
immunotoxic (ATSDR, 1990). 
Toxicity studies on effects of MCB on aquatic environment provide several threshold 
values. For fish exposed to MCB for 24 to 96 hours, Verschueren, 1983 found a 
threshold value of 24 mg/L for the bluegill (Lepomismacrochirus), 29-39 mg/L for 
the fathead minnow (Pimephales promelas) and 45 mg/L for the guppy (Poecilia 
reticulata). Also, results of cell multiplication inhibition test were found as 17 mg/L 
for bacteria (Pseudomonas putida) and 120 mg/L for algae (Microcystis aeruginosa) 
(as cited in U.S. EPA, 1995).  
2.1.4 Release and fate of monochlorobenzene in the environment 
The release of MCB into the environment is likely to take place due to the production 
and disposal activities in industry that involve MCB as well as the use of pesticides 
that have MCB in their formulation. According to TRI data obtained for 2009 (U.S. 
EPA, 2009), the amount of total on-site and off-site disposal or other releases of 
chlorobenzene for facilities in all industries was reported as 96,113 kg (211,894 lb) 
in the United States (Table 1.2). This amount was much higher in 1988, which was 
reported as 2,123,016 kg (4,680,449 lb) (Table 1.3).   
Table 1.2: TRI On-site and Off-site Reported Disposed of or Otherwise Released (in 
pounds), for facilities in All Industries, Chlorobenzene, U.S., 2009 
(U.S.EPA, 2009) 
 Chemical Total On-site 
Disposal or 
Other Releases 
Total Off-site 
Disposal or 
Other Releases 
Total On- and 
Off-site Disposal 
or Other Releases 
1 Chlorobenzene 208,300.9430000 3,593.1880058 211,894.1310058 
 Total 208,301 3,593 211,894 
The TRI data for 2009 provides the information that around 54% of total on-site 
disposal or other releases of MCB was due to fugitive air releases while around 35% 
was due to point source air emissions. These values show that a total of 89% of all 
on-site disposal or other releases of MCB occurred into the air. The remaining 11% 
was mainly due to underground injection to class I wells. Back in 1988, the releases 
were also to air mainly; yet, other ways of release such as surface water discharge 
and underground injection also had important levels among the high total amount of 
release (U.S. EPA, 2009). 
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Table 1.3: TRI On-site and Off-site Reported Disposed of or Otherwise Released (in      
pounds), for facilities in All Industries, Chlorobenzene, U.S., 1988                       
(U.S. EPA, 2009) 
 Chemical Total On-site 
Disposal or Other 
Releases 
Total Off-site 
Disposal or 
Other Releases 
Total On- and 
Off-site Disposal 
or Other Releases 
1 Chlorobenzene 4,562,825.0000000 117,624.0000000 4,680,449.0000000 
 Total 4,562,825 117,624 4,680,449 
Chlorobenzenes have a tendency to get higher values of octanol/water partition 
coefficients with increasing chlorination; therefore, more likely to be absorbed on 
organic matter in soil. Also, their vapor pressure decreases with increasing 
chlorination. Moderate vapour pressure and low aqueous solubility of MCB suggest 
that it is likely to volatilize when released into the environment. Also, the moderate 
octanol/water partition coefficient value of the compound allows it to be absorbed 
onto sediment, particularly when the sediment is rich in organic matter (IPCS, 
1991a).  
Schnoor et al.1995 stated that plants directly uptake moderately hydrophobic organic 
chemicals (log KOW = 1 - 3.5) from shallow contaminated sites and efficiently 
remove them. Since MCB has a log KOW value of 2.78 (Table 1.1), it is one of those 
organic chemicals in that range. 
It was reported in IPCS, 1991a that (as cited in IPCS, 2004) chlorobenzenes can be 
degraded by microorganisms in various surfaces including soil, sediment and sewage 
sludge. Field et al., 2008 stated that both aerobic and anaerobic metabolism occur for 
chlorobenzenes. Chlorobenzenes with four or less chlorine groups are available for 
degradation by aerobic bacteria. Higher chlorinated benzenes are reductively 
dehalogenated to lower chlorinated benzenes under anaerobic conditions while 
monochlorobenzene is resistant to biotransformation under such conditions. 
An industrial area in Bitterfeld, Germany is known with its groundwater 
contamination due to years of industrial activities and MCB is the main groundwater 
contaminant there with a measured average concentration of 19.7 mg/L (Braeckevelt 
et al., 2008). Due to the anaerobic characteristics of the groundwater, MCB is not 
broken down. Also, it was found that reductive dechlorination of other compounds 
takes place in the groundwater, which is likely to cause further accumulation of 
MCB in the groundwater (Heidrich et al., 2004). 
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2.2 Phytoremediation 
Phytoremediation as a word comes from Greek (phyton = plant) and Latin 
(remediare = remedy) and it is a technology that uses plants’ natural abilities to 
remove, store or degrade various organic and inorganic substances in polluted soil 
and water (Sinha et al., 2010). Main groups of contaminants that phytoremediation is 
used for treating include petroleum hydrocarbons, chlorinated solvents, pesticides, 
explosives, heavy metals, radionuclides and landfill leachates. Phytoremediation 
involves rhizosphere microorganisms as well as the plants in the removal, 
transformation or containment of toxic chemicals from various areas including soils, 
sediments, groundwater, surface water and even the atmosphere (Susarla et al., 
2002). Several advantages and constraints of phytoremediation can be seen in Table 
2.1 (Susarla et al., 2002). 
Schnoor et al, 1995 stated that “phytoremediation is most suited for sites with with 
shallow contamination (< 5 m depth); moderately hydrophobic pollutants such as 
BTEX compounds (benzene, toluene, ethylbenzene, and xylenes), chlorinated 
solvents, or nitrotoluene ammunition wastes; or excess nutrients (nitrate, ammonium, 
and phosphate)”. 
2.2.1 Types of phytoremediation 
There are different types of phytoremediation methods available that consider 
differences in plants, contaminants or contaminated area.  
2.2.1.1 Phytoextraction 
Phytoextraction, also known as phytoaccumulation, is the uptake of a contaminant by 
plant roots and accumulation of it in the parts of the plant above the ground. It 
implies that the contaminant does not undergo any changes once taken up into the 
plant; therefore, is able to accumulate. The plants are generally harvested and 
disposed of following the method. The medium used for phytoextraction purpose is 
generally soil; however, it can also be applied for contaminants in sediments and 
sludges (Pivetz, 2001) It is a method generally used for the removal of heavy metals 
(Trapp, 2001a). 
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       Table 2.1: Advantages and constraints of phytoremediation (Susarla et al., 2002) 
Advantages  Constraints  
 
In situ  
 
 
Limited to shallow ground 
water, soils, and sediments 
 
Passive  High concentrations of 
hazardous materials can be 
toxic to plants and animals that 
consume the plants 
 
Solar driven  Mass transfer limitations 
associated as with other 
biotreatments 
 
 
Faster than natural attenuation  Only effective for moderately 
hydrophobic compounds 
 
High public acceptance  Toxicity and bioavailability of 
biodegradation products is not 
known 
 
Fewer air and water emissions  Contaminants may be mobilized 
into the ground water 
 
Conserves natural resources  Influenced by soil and climate 
conditions of the site 
 
2.2.1.2 Phytostabilization 
Phytostabilization is the use of plants for containing soil contaminants in place by the 
chemical, biological and physical changes occurring in soil conditions. Adsorption 
and accumulation by plant roots, adsorption onto roots and precipitation are several 
processes that are involved in this remediation method. Also, wind and water erosion 
of soil can be reduced by vegetation, which would prevent the movement of the 
contaminant in runoff or fugitive dust emissions and reduce or prevent leachate 
generation (Pivetz, 2001). It is best used to phytostabilize metal contaminants in 
waste landfill sites since the immobilization of them in situ is the best option (Sinha 
et al., 2010).   
2.2.1.3 Phytodegradation 
Phytodegradation, also known as phytotransformation, is the degradation of a 
pollutant inside the plant or in the soil, sediment, sludge, groundwater or surface
9 
 
water by the enzymes that the plant produces and releases. Chlorinated solvents, 
herbicides, insecticides and inorganic nutrients are among the contaminants that can 
be degraded by phytodegradation (Pivetz, 2001). Several enzymes that have a role in 
transformation of contaminants in soil and sediment were identified as dehalogenase, 
nitroreductase, peroxidase, laccase, and nitrilase (Schnoor et al., 1995).   
2.2.1.4 Rhizodegradation 
Rhizodegradation is the degradation of a contaminant in the rhizosphere due to the 
influence of plant roots. The microbial populations in the rhizosphere (soil that 
surrounds the roots) will be increased in size and variety when the roots are present, 
which enhances the naturally-occurring biodegradation in soil and leads to the 
degradation of organic contaminants. Petroleum hydrocarbons, PAHs, pesticides, 
chlorinated solvents, PCP, PCBs and surfactants are among those organic 
contaminants that may be degraded by rhizodegradation (Pivetz, 2001).  
2.2.1.5 Phytovolatilization 
Phytovolatilization is the release of contaminant by a plant in volatile form after its 
uptake into the plant. The contaminant released from the plant may already be 
volatile initially, may be a volatile degradation product of a contaminant or may be in 
a volatile form while it is a non-volatile contaminant prior to uptake. The released 
volatile form of the contaminant should be less toxic than the initial contaminant in 
order to provide effective phytoremediation. This method may be used with organic 
or inorganic contaminants (Pivetz, 2001). 
2.2.1.6 Rhizofiltration  
Rhizofiltration is the removal of contaminants from surface water, wastewater or 
extracted groundwater by the adsorption and precipitation processes that take place 
on the plant roots or by absorption into the roots. This method differs from 
phytoextraction as plant roots have the main role instead of the part of the plant 
above the ground and the contaminant is in water initially instead of soil (Pivetz, 
2001). 
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2.2.1.7 Hydraulic control 
Hydraulic control is the method used to affect the movement of the groundwater and 
water in soil with uptake and consumption of water by plants. It can be effective in 
various ways in soil and underground; also, stimulate other phytoremediation 
processes, such as rhizodegradation, phytodegradation, and phytovolatilization as the 
water is taken up by plants (Pivetz, 2001). 
2.2.1.8 Constructed wetlands 
Constructed wetlands, also named as treatment wetlands, are used in order to remove 
various contaminants from surface water, municipal wastewater, domestic sewage, 
refinery effluent, acid mine drainage or landfill leachate. The contaminants that those 
artificial wetlands are used to treat include organics, inorganics and nutrients. 
Groundwater treatment by constructed wetlands is less common but possible. Use of 
constructed wetlands for remediation of hazardous waste sites is limited. Yet, in the 
future, constructed wetlands might be used to treat water coming from hazardous 
waste sites with rhizofiltration and phytodegradation processes (Pivetz, 2001). 
2.2.2 Removal mechanisms by plants and microorganisms 
The removal mechanisms in phytoremediation involve various living organisms, 
such as plants, bacteria and fungi. In the case of removal of organic pollutants, the 
main three mechanisms are direct uptake of contaminants and accumulation of their 
metabolites in plant tissue, exudates and enzymes  released from plants that enhance 
microbial activity as well as biochemical transformations and also improvement of 
the mineralization in the rhizosphere which is related to fungi and microorganisms 
(Schnoor et al, 1995). 
2.2.2.1 Plant uptake and translocation 
There are various points that need attention in the uptake of a chemical into roots. 
Briggs et al. 1982, Briggs et al. 1987 and Trapp 2000 mentioned that (as cited in 
Trapp and Karlson, 2001) plants take up many pollutants, which are especially weak 
electrolytes and compounds with intermediate lipophilicity. Compounds with high 
polarity cannot easily cross biomembranes and in the case of highly lipophilic 
compounds, they are able to cross biomembranes quickly but sorb onto roots (Trapp 
and Karlson, 2001). Briggs, 1982 stated that (as cited in Schnoor et al, 1995) 
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hydrophobic chemicals (log KOW > 3.0) cannot easily be translocated within the plant 
since they are bound to the surface of roots very strongly and hydrophilic chemicals 
(log KOW < 0.5) are actively transported through plant membranes since they cannot 
be sufficiently sorbed to roots.
 
Trapp and Karlson, 2001 stated that “compounds with 
a log Kow between 0.5 and 3 are taken up best”. According to Schnoor et al, 1995, 
plant’s uptake efficiency, transpiration rate and the concentration of the chemical in 
soil water are the points that determine the direct uptake of a chemical through the 
roots. Uptake efficiency is determined by physical and chemical properties of the 
chemical, distribution of chemicals in the system as well as the plant characteristics.  
2.2.2.2 Degradation by plants and metabolism kinetics 
According to Sandermann, 1992 (as cited in Stotmeister et al., 2003) the metabolism 
of xenobiotics in plants occurs in the following ways: 
I. Transformation 
II. Conjugation 
III. Compartmentation 
which are three phases of the metabolism. At the end of this detoxification process, 
export into the cell vacuole, export into the extracellular space and integration into 
lignin or other components of the cell membrane are the three possible results to 
occur. Ohkawa et al., 1999 described that phase I includes oxidations, reductions and 
hydrolysis; phase II includes conjugation reactions with glutathione, sugars, amino 
acids; phase III includes conversion of conjugates from phase II into other conjugates 
and deposition of them in plant vacuoles or binding of them to cell wall and lignin  
(as cited in Schnoor and Dietz, 2001). As Pflugmacher and Schröder, 1995 and 
Barret 1995 mentioned, cytochrome P-450 monooxygenases and glutathione-S-
transferases (GST) seem to be the most important types of enzyme that have a role in 
the detoxification of xenobiotics (as cited in Trapp and Karlson, 2001).  
However, it should also be noted that plants do not use mainly organic compounds as 
substrate for growth since they are mostly autotrophic organisms that can form 
carbon compounds from inorganic precursors with the help of sunlight as energy 
source (Trapp et al, 2007). It was also mentioned by Stotmeister et al., 2003 that 
plants have only a secondary role in the direct degradation of organic chemicals in 
wastewater treatment systems compared to microorganisms. 
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Cornish-Bowden, 1995 described the metabolism kinetics of enzymatic reactions 
with the Michaelis – Menten kinetics as follows (as cited in Trapp et al., 2007): 
   
CK
Cv
v
M +
×
=
max
                                                                                                 (2.1)                                                                                        
where,  
ν: removal rate per plant mass of the substrate concentration [mg (kg plant)-1 d-1] 
C: substrate concentration (mg/L) 
νmax : maximal removal velocity [mg (kg plant)-1 d-1] 
KM: half-saturation constant (mg/L) 
According to the kinetics described above, the overall removal velocity of 
xenobiotics by plants depends on the mass of plant, the velocity of uptake of the 
xenobiotic and the enzymatic reaction rate (νmax). Since the plant mass (K) and 
enzymatic reaction (νmax) have an upper limit, there will also be an upper limit for the 
degradation of xenobiotics by plants, which can be described as, 
K
CK
Cv
dt
dm
M
×
+
×
−=
maxmax
                                                                                   (2.2)                                                          
then, if concentration is much bigger than half-saturation constant, C >> KM, KM 
becomes negligible and the maximum degradation can be written as follows (Trapp 
et al., 2007). 
Kv
dt
dm
×−= max
max
                                                                                          (2.3)        
The values of νmax and KM can be determined by a closed-bottle metabolism test done 
with roots, stem tissue and leaves of a plant for a specific chemical, like (Trapp et al., 
2005) worked with willows and cyanide. 
2.2.2.3 Microbial degradation and metabolism kinetics  
Biological degradation in the rhizosphere enhanced by the plant roots in various 
ways plays an important role in phytoremediation. Figure 2.1 shows the interactions 
that are possible in the root zone of wetlands for wastewater treatment (Stotmeister et 
al., 2003). Jordahl et al. 1997 found that significantly higher number of bacteria 
existed in the rhizosphere of hybrid poplars than in nearby agricultural soils and 
species that degrade atrazine were available only in the poplar rhizosphere, which led 
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to the conclusion that poplars stimulate microbial communities capable of degrading 
organic pollutants (as cited in Trapp and Karlson, 2001). Also, it is mentioned in 
Pivetz, 2001 that plant exudates, which are compounds produced by plants and 
released from plant roots, stimulate the increase in number of microbial populations.  
Also, mycorrhizea fungi growing in a symbiotic relationship with the plant have the 
unique ability to metabolize organic pollutants which could not be transformed only 
by bacterial degradation (Pivetz, 2001). 
Another important effect is that plant roots can alter parameters like water content, 
water and nutrient transport, aeration, structure, temperature, pH in the soil which 
often results in more favorable environments (Pivetz, 2001). Release of oxygen from 
plant roots into the rhizoshere has been a subject of interest in this aspect. For 
instance, model calculations by Armstrong et al., 1990 showed area-specific oxyygen 
rates of 5 – 12 g O2/m2 patch area per day for Phragmites australis (reed) (as cited in 
Stotmeister et al., 2003). Also, the number of strict aerobic bacteria found in the 
Phragmites rhizosphere by Hoffmann, 1990 was higher than in aerobic stabilized 
sewage sludge (as cited in Armstrong et al., 1991). 
 
Figure 2.1: Possible interactions in the root zone of wetlands for wastewater  
treatment (Stotmeister et al., 2003) 
Most bacteria are heterotrophic organisms, unlike plants. This means that they need 
organic matter to form new biomass. Organic compounds would serve as a carbon 
source or electron donor for aerobic heterotrophic bacteria while they would also 
serve as an electron acceptor for anaerobic heterotrophic bacteria (Metcalf and Eddy, 
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2003). Schlegel, 1993 stated that xenobiotics can be used by bacteria in several ways 
(as cited in Trapp et al., 2007).   
Following equation shows the Monod equation for bacterial growth or rate and a 
decay term as follows (Trapp et al., 2007):   
Bk
CK
BC
dt
dB
death
S
×−
+
××
=
maxµ
                                                                          (2.4)                                                                                         
where,  
B : the bacterial mass (kg) 
µmax : the maximal growth rate of the bacteria  
C : the substrate concentration (mg/L)  
KS : the half-growth concentration  
kdeath : first order rate describing the death of bacterial cells (e.g by protoza) 
The growth depends on the substrate concentration; therefore, the number of 
degrader bacteria increases with increased concentration and decreases when the 
substrate is finished. The Michaelis-Menten kinetics are applied to the metabolism of 
bacteria with the inclusion of growth yield and the νmax is described as: 
Y
v maxmax
µ
=                                                                                                              (2.5) 
where,  
Y : growth yield (kg bacteria / mg chemical) 
subsequently, change of substrate mass with time is described with following 
equation, 
Y
B
CK
C
dt
dm
M
×
+
×
−=
maxµ
                                                                                      (2.6)                                                                                                       
which shows that number of bacteria, B can increase as long as substrate is available 
and the loss of mass by metabolism of bacteria has no upper limit. In connection, the 
reaction velocity of the bacterial degradation has no upper limit mathematically 
(excluding the inhibition effect likely to occur at higher concentrations of 
xenobiotics); but, there is a lower limit which means that bacterial degradation can 
occur faster and more completely  in the presence off high contamination instead of 
low contamination (Trapp et al., 2007).  
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2.2.3 Types of plants and bacteria in phytoremediation 
2.2.3.1 Types of plants  
There are numerous types of plants used in phytoremediation. Table 2.2 summarizes 
the plants used in constructed wetland systems. Among these plants reeds, rushes and 
cattails have the most usage (Stotmeister et al., 2003). Sinha, 2010 stated that plants 
like hybrid poplar, willows, sunflower, alpine pennycress, clover, Indian mustard, 
redroot pigweed and ferns were chosen for various commercial phytoremediation 
applications.  
Table 2.2: Selection of plant species used in constructed wetlands (Stotmeister et    
al.,  2003) 
Scientific name  English name  
Phragmites australis (Cav.) Trin. ex Steud.  
 
 common reed 
 
Juncus spp.   rushes   
Scirpus spp.  bulrushes   
Typha angustifolia L.   narrow-leaved cattail  
Typha latifolia L.  broad-leaved cattail  
Iris pseudacorus L.   yellow flag 
 
 
Acorus calamus L. 
 
Glyceria maxima (Hartm.) Holmb. 
 
Carex spp.                          
 sweet flag 
 
reed grass 
 
sedges 
 
2.2.3.2 Types of bacteria  
Endophytes and rhizosphere, which live inside the plant and in the soil near plant 
roots respectively, are the two main groups of plant-associated bacteria that can have 
a role in phytoremediation for the degradation of synthetic organic chemicals that 
contaminate soil (McGuinness and Dowling, 2009). Rhizodegradation is a particular 
type of phytoremediation and involves rhizosphere bacteria. 
Several successful uses involving rhizosphere bacteria were reported with various 
associated plants for degradation of organic compounds. Brazil et al. 1995 and 
Villacieros et al., 2005 reported Pseudomonas fluorescens for PCBs; Jacobsen et al., 
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2004  reported Burkholderia cepacia for 2,4-D; Huang et al., 2004 reported 
Azospirillum brasilense Cd, Enterobactercloacae CAL 2 and  Pseudomonas putida 
UW3 for PAHs (as cited in McGuinness and Dowling, 2009). Also, several aerobic 
bacterial strains that can grow on MCB as a sole source of carbon and energy were 
determined. Vogt et al., 2004 identified Rhodococcus sp., Xanthobacter sp., 
Stenotrophomonas sp. and several Pseudomonas sp. strains (as cited in Field et al., 
2008). 
2.3 Case Studies for Treatment of MCB  
Various studies that include use of plants and bacteria were made regarding the 
degradation of MCB. A study by Braeckevelt et al., 2008 assessed the degradation of 
various chlorobenzenes including MCB in contaminated groundwater by the use of a 
meso-scale pilot constructed wetland in Bitterfeld area, Germany. The wetland had a 
segment planted with common reed (Phragmites australis) and an unplanted segment 
used as a reference plot. The removal of MCB was high, particularly in the planted 
system. Together with vegetation, flow distance and depth of the plant were also 
effective on the decrease of chlorobenzene concentrations. Aerobic microbial 
degradation was thought to be the dominant removal process for MCB. The highest 
removal obtained for MCB was 71% at an inflow concentration of 20 mg/L of MCB, 
which occurred in the planted part.  
Another study by Pandey et al., 2010 focused on the treatment of waste gas 
containing MCB and benzene in a bench scale biofilter unit packed with compost and 
wood chips containing culture Acinetobacter calcoaceticus. Highest removal 
efficiency for MCB was found to be 99% ± 5% at a loading of 57 g/m3/h MCB and it 
was concluded to be an efficient removal system. 
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3. MATERIALS AND METHODS 
3.1 Experimental Procedures 
Two separate degradation experiments for MCB and a toxicity test for sodium azide 
were carried out with willow cuttings (Salix viminalis).  
3.1.1 Degradation experiment with Monochlorobenzene (MCB) 
In order to determine the uptake rate of organic micropollutants by plants, an 
experiment was done using willow trees.     
3.1.1.1 Experimental Setup 
Pre-transpiration test 
Willow trees (Ny Vraa Bioenergy I/S, Tylstrup, Denmark) were placed in buckets 
with tap water and were left near sun light so that they could grow leaves and roots 
approximately three weeks before starting experiment (Figure 3.1). 44 willow trees 
of same height (40 cm) were picked among healthy grown trees (Figure 3.2) and 
each was given a number and weighed. 3 separate sets of trees were prepared for the 
experiment out of 44 trees. Before starting the uptake test with monochlorobenzene 
(MCB), a transpiration test was performed first for each set. Trees were put into into 
Erlenmeyer flasks of 500 mL filled with 400 mL of tap water, which were covered 
with aluminum folio and closed around the trees with cork stoppers. The flasks were 
afterwards weighed and placed under artificial light (3 fluorescent tubes, 36 W/33) 
which was on for 24 hours a day in a fume hood. The flasks were weighed for 3 
consecutive days and left under the light for 3 more days for better adjustment to 
conditions. At the end of 6 days of experiment, trees with flasks were weighed again 
and were put into order according to their percent weight loss/transpiration level. 
(Trapp et al., 2000) After the trees were put into order, sets of trees were prepared for 
the uptake test. 
18 
 
 
Figure 3.1: Willow cuttings growing leaves and roots in water 
 
Figure 3.2:  Grown willow (Salix viminalis) cutting ready for use 
in experiment 
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Degradation experiment  
Monochlorobenzene (99.9 % purity, Sigma Aldrich, St. Louis MO, USA) solutions 
of three different concentrations (1, 5 and 10 mg/L) were prepared for the experiment 
from a stock solution. The stock solution was prepared by dissolving 1 mL of MCB 
in 100 mL of methanol (99.9% purity, Sigma Aldrich, St. Louis MO, USA) and 
solutions for the experiment were prepared with tap water using the stock solution.  
Set 1 was prepared with 17 trees, 360 mL MCB solution and 40 mL tap water. Set 2 
was prepared with 17 trees, 360 mL MCB solution and 40 mL water with bacteria 
from the wetland in Bitterfeld, Germany. Set 3 was prepared with 10 trees of which 
roots and leaves were removed and cut to 10 cm length each in order to observe loss 
due to volatilization. 4 replicates for each concentration (1, 5 and 10 mg/L) and 5 
blanks (no MCB) were used in both Set 1 and Set 2. For Set 3, 5 replicates for 
concentrations of 5 and 10 mg/L were used each.  
Table 3.1: Configuration of degradation experiment with monochlorobenzene 
Series/Sets        Trees with leaves & roots Trees without leaves 
&  roots 
 
Monochlorobenzene 
(number of replicates) 
Monochlorobenzene 
 (number of replicates) 
Monochlorobenzene 
 (number of replicates) 
Configuration 
without bacteria 
inoculum 
with bacteria 
inoculum 
without bacteria 
inoculum 
1 mg/L (4) (4)  
5 mg/L (4) (4) (5) 
10 mg/L (4) (4) (5) 
Blanks (5) (5)  
Table 3.1 shows the configuration of the degradation experiment. Filling of MCB 
solutions were made according to transpiration order. Flasks were covered with 
aluminum folio and closed around the trees with cork stoppers as in transpiration 
test.  
3.1.1.2 Sampling and storage 
As soon as the solutions were filled, samples for t = 0 were taken from each flask by 
a plastic syringe with a long needle and put into 10 mL glass tubes. Flasks with trees
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Figure 3.3: Willows in laboratory during degradation experiment with 
monochlorobenzene 
were weighed and placed under artificial light afterwards (Figure 3.3). All weighing 
was made with a Sartorius TE2101 scale (d = 0.1 g, max. 2100 g). Samples were 
taken at 16, 24, 48 and 72 hours (defined intervals) similarly and flasks were 
weighed each time, before and after sampling. Trees were weighed without flasks at 
the end of the test. The tubes filled with samples were stored at 4°C before analysis. 
3.1.2 Sodium azide toxicity test 
In order to determine the effect of sodium azide on willow trees, a toxicity test was 
performed. 
3.1.2.1 Experimental Setup 
Pre-transpiration test 
15 willow trees of same height (40 cm) were picked and each was given a number 
and weighed. A transpiration test (Trapp et al., 2000) was performed first for each 
set. Trees were put into into Erlenmeyer flasks of 500 mL filled with 400 mL of tap 
water, which were covered with aluminum folio and closed around the trees with
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cork stoppers. The flasks were afterwards weighed and placed under artificial light. 
During the experiment the flasks were weighed each day. All weighing was made 
with a Sartorius TE2101 scale (d = 0.1 g, max. 2100 g). At the end of 6 days of 
experiment, trees with flasks were weighed again and were put into order according 
to their percent weight loss/transpiration level.  
The toxicity test 
Bacterial toxicity information for sodium azide shows that an EC50 value of 38.5 
mg/L was determined for Photobacterium phosphoreum (MSDS, 2010). Considering 
this value and the highly toxic character of sodium azide, two concentrations were 
determined to work with. Sodium azide (99 % purity, Riedel – deHäen, Seelze, 
Germany) concentrations of 50 and 100 mg/L were used and 5 replicates were made 
for each. Also, 5 controls/blanks (no sodium azide) were used. 50 mg/L sodium azide 
concentration was obtained by adding 0.02 grams of sodium azide directly into 400 
mL of tap water. 100 mg/L azide concentration was obtained by adding 0.04 grams 
of sodium azide directly into 400 mL of tap water. Blanks were prepared with 400 
mL of tap water. Weighing of sodium azide was made with an analytical balance 
Sartorius, Goettingen, Germany (d = 0.1 mg, range: 0.01 - 100 g). 
Table 3.2 shows the configuration of the experiment. Filling of sodium azide 
solutions were made according to transpiration order. Flasks were covered with 
aluminum folio and closed around the trees with cork stoppers as well as parafilm. 
Flasks with trees were weighed and placed under the light afterwards. During the 
experiment the flasks were weighed each day. At the end of 5 days of experiment, 
trees with flasks were weighed again. 
Table 3.2: Configuration of toxicity test 
Series/Sets 
Configuration 
Trees with leaves & roots 
 Sodium azide 
(number of replicates) 
50 mg/L  (5) 
100 mg/L  (5) 
Blanks  (5) 
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3.1.3. Degradation experiment with monochlorobenzene (with sodium azide) 
3.1.3.1 Experimental Setup 
Pre-transpiration test 
The willow cuttings were kept in climate chamber under artificial light for 2 weeks 
before the start of experiment in order to let them grow roots and leaves. Later, 45 
willow trees of sameheight (40 cm) were picked and each was given a number and 
weighed. A transpiration test was performed first. Trees were put into into 
erlenmeyer flasks of 500 mL filled with 400 mL of tap water, which were covered 
with aluminum folio and closed around the trees with cork stoppers. The flasks were 
afterwards weighed and placed under artificial light. At the end of 2 days of 
experiment, trees with flasks were weighed again and were put into order according 
to their percent weight loss/transpiration level (Trapp et al., 2000)  
Degradation experiment 
Table 3.3 and Table 3.4 show the configuration of the experiment for trees with and 
without roots and leaves respectively. Test was performed according to the 
transpiration order. Flasks were covered with aluminum folio and closed around the 
trees with cork stoppers as in transpiration test. Sodium azide (99 % purity, Riedel – 
deHäen, Seelze, Germany) was used in order to inhibit microbial activity. Weighing 
of sodium azide were made with an analytical balance Mettler AJ100, Columbus, 
OH, USA (d = 0.1 mg, range: 0.01 - 100 g).  
The willow trees were obtained from Ny Vraa Bioenergy I/S, Tylstrup, Denmark. 
Water with root-colonizing bacteria came from wetland plants in a wetland in 
Bitterfeld, East Germany polluted with monochlorobenzene (MCB) and  
perchloroethene (PCE) and it was used as inoculum to stimulate bacterial 
degradation. 
The properties of each set are given as follows:   
Set 1: 40 mL of water with bacteria was added into 360 mL of MCB solution; with a 
concentration of 5 mg/L. Sodium azide concentration of 50 mg/L was obtained by 
adding 0.02 grams of sodium azide directly into the flask. 
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Table 3.3: Configuration of degradation experiment with monochlorobenzene (with 
sodium azide) for trees with leaves and roots 
Series/Sets        Trees with leaves & roots 
 
MCB 
(number of replicates) 
No MCB 
(number of replicates) 
Configuration 
with bacteria 
inoculum 
without bacteria 
inoculum 
with bacteria 
inoculum 
without bacteria 
inoculum 
With sodium 
azide 
(5) 
 
(5) 
 
  
Without 
sodium azide 
(5) 
 
(5) 
 
 
(5) 
 
 
(5) 
 
Table 3.4: Configuration of degradation experiment with monochlorobenzene (with 
sodium azide) for trees without leaves and roots 
Series/Sets Trees with leaves & roots 
 
MCB 
(number of replicates) 
Configuration without bacteria inoculum with bacteria inoculum 
With sodium azide (5) 
 
(5) 
 
Without sodium azide (5) 
 
(5) 
 
Set 2: 400 mL of MCB solution with a concentration of 5 mg/L was used. There was 
no bacteria inoculum. Sodium azide concentration of 50 mg/L was obtained as 
explained above in Set 1. 
Set 3: 40 mL of water with bacteria was added into 360 mL of MCB solution; with a 
concentration of 5 mg/L. There was no sodium azide addition.  
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Set 4: 400 mL of MCB solution with a concentration of 5 mg/L was used. There was 
no bacteria inoculum and sodium azide addition. 
Set 5: 400 mL of solution with bacteria was used. There was no MCB and sodium 
azide addition. 
Set 6: 400 mL tap water was used. There was no MCB, bacteria inoculum and 
sodium azide addition. 
Set A : 400 mL of MCB solution with a concentration of 5 mg/L was used. There 
was no bacteria inoculum. Sodium azide concentration of 50 mg/L was obtained by 
adding 0.02 grams of sodium azide directly into the flask. 
Set B:  400 mL of MCB solution with a concentration of 5 mg/L was used. There 
was no bacteria inoculum and sodium azide addition. 
Set C:  40 mL of water with bacteria was added into 360 mL of MCB solution; with 
a concentration of 5 mg/L. There was no sodium azide addition. 
3.1.3.2 Sampling and storage 
As soon as the solutions were filled, samples for t = 0 were taken from each flask by 
a syringe with a long needle and put into 10 mL glass tubes. Trees were weighed 
together with the flask and placed under the light afterwards in the laboratory. All 
weighing was made with a Sartorius TE2101 scale (d = 0.1 g, max. 2100 g). Samples 
were taken at 16, 24, 48 and 72 hours and flasks were weighed each time, before and 
after sampling. Trees were weighed without flasks at the end of the test. The tubes 
with samples were stored at 4°C before analysis. 
3.2 Analytical Procedures 
The samples were prepared for analysis by adding 0.5 mL of internal standard into 
20 mL glass vials first. The internal standard was pre-prepared and readily available 
according to DTU laboratory directions and consisted of chloroform (99.8 % purity, 
Sigma Aldrich, St. Louis MO, USA) and sulphuric acid (95 – 98 % purity, Sigma 
Aldrich, St. Louis MO, USA). 2 mL of each sample was taken and transferred into 
the glass vials which were closed immediately after by a PTFE stopper and a steel lid 
in order to prevent loss by volatilization. The syringe that was used to transfer 
internal standard and samples was a manual syringe of 1 mL volume by SGE 
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Analytical Science, Victoria, Australia.  The samples were stored at 4°C until 
analysis. 
The analysis was carried out in a gas chromatograph – 7890A GC System, Agilent 
Technologies, Santa Clara CA, USA (Figure 3.4). The column was an Agilent HP-
Plot/Q 30 m x 0.32 mm – ID, 20 µm film thickness. Helium was used as a carrier gas 
with a flow rate of 1.51 mL/min. The detector was an Agilent 5975C MSD with a 
Triple-Axis Detector. The GC oven worked under following conditions: 
 equilibration time 0.5 min 
 initial temperature 40 °C for 1 min 
 increase of 30 °C/min  
 final temperature 270 °C for 6 min  
 total run time 14.67 min 
The sampling was done by Combi PAL – GC Autosampler, CTC Analytics AG, 
Zwingen, Switzerland. The injection volume was 1 µl. 
3.2.1 Degradation experiment with monochlorobenzene 
A calibration curve was prepared as seen in Figure 3.5 for the GC/MS in order to 
calculate  the concentrations measured. Since the highest concentration expected to 
be measured was 11.1 mg/L, the concentration range was chosen as 0 to 11.1 mg/L. 
40 mL of MCB solutions for each concentration in the range were prepared in glass 
vials. Afterwards, samples of 2 mL were taken from each vial and mixed with 0.5 
mL of internal standard. The samples were later analyzed in the GC/MS and the 
results were put into a response ratio/concentration ratio graph in the analyzer. The 
graph curve fit was found to be above 99%; therefore, the GC/MS was 
prepared/ready to calculate the samples from the experiment.  
3.2.2 Degradation experiment with monochlorobenzene (with sodium azide) 
A calibration curve was prepared as seen in Figure 3.6 for the GC/MS as in the first 
experiment. The concentration range was chosen as 0 to 5.53 mg/L. 40 mL of MCB 
solutions for each concentration in the range were prepared in glass vials. 
Afterwards, samples of 2 mL were taken from each vial and mixed with 0.5 mL of 
internal standard. The samples were later analyzed in the GC/MS and the results 
were put into a response ratio/concentration ratio graph in the analyzer. The graph 
curve fit was found to be above 95%; therefore, the GC/MS was prepared/ready to 
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calculate the samples from the experiment. Yet, the curve fit was not good enough at 
very low concentrations, which means results from analyzes that are below 0.55 
mg/L, if any, would need to be neglected since they might not be accurate. 
 
Figure 3.4: Gas chromatograph and samples during analysis 
 
Figure 3.5: Calibration curve for degradation experiment with monochlorobenzene 
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Figure 3.6: Calibration curve for degradation experiment with  monochlorobenzene 
(with sodium azide) 
3.3 Model Development and Procedures 
3.3.1 Degradation model 
3.3.1.1 Source of model 
A mathematical model to balance and estimate plant uptake, metabolism and 
accumulation of cyanide in willow trees was previously developed by Larsen et al., 
2005. A similar model excluding plant metabolism was developed and implemented 
for MCB based on the study in order to predict the degradation of MCB from a 
solution and following equations were used in an Excel spreadsheet; and, the model 
was run with a numerical solution. (Trapp, S, P. Communication, 2010) 
3.3.1.2 Model development and equations 
The degradation model calculates uptake of an organic chemical into the plant and 
estimates Csolution and msolution as well as loss pathways. Loss pathways for the 
chemical are roots, stem and leaves of the plant as well as the solution itself. 
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Roots 
The uptake of a chemical by the roots occur with the advection and diffusion 
processes. There is an uptake with the transpiration stream and also a loss upward 
from the root as the water moves inside the plant.  
Change of chemical mass in roots with time (t), d = Inflow – Outflow 
Therefore, the mass balance of roots is shown as (Larsen et al., 2005), 
dt
dmR
 = QCQC XyW ×−×                                                                                       (3.1)                                                                           
Rm  : chemical mass in roots (mg) 
WC  : concentration of the chemical in the external solution (mg/L) 
XyC  : concentration of the chemical in the xylem sap (mg/L) 
  
 Q    : flow of water in the xylem (transpiration stream) (mg/L) 
The mass balance can be written as in Eq.3.2 (Larsen et al., 2005) if the chemical in 
the translocation stream is in equilibrium with the root tissue. 
dt
dmR
 = 
RW
RW K
QCQC ×−×                                                                                  (3.2)         
RC   : chemical concentration in roots  (mg/kg) 
 
KRW : partition coefficient between root concentration ( RC )  and concentration in 
water ( WC ) (L/kg) (Trapp, 2002) 
In the dynamic model, flux going into the roots was named as ‘uptake’ and flux 
going out from the roots was named as ‘translocation’. Q was shown as transpiration 
and Cw as Csolution (CS). Uptake and translocation are defined as, 
Uptake (mg/d) = Csolution ×Transpiration                                                                 (3.3) 
                                                                              
Translocation = (CR/ KRW) ×Transpiration                                                             (3.4)   
                                                               
KRW = (WR + LR a KOWb) (Trapp and Matthies, 1995)                                           (3.5)      
WR  : water content of the plant tissue (L/kg) 
LR    : lipid content of the plant tissue (L/kg) 
a     : empirical correction factor for differences between lipids and octanol  
(ρwater/ρoctanol)  
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b     : exponent to correct differences between n-octanol and plant lipids 
(dimensionless) 
Trapp, 2004 stated that root concentration factor (RCF) was defined by Shone and 
Wood (1974) as concentration in roots (g/g) / concentration in water (g/mL). Briggs 
et al. (1982) empirically established the dependency of the RCF upon the log Kow. 
RCF = 0.82 + 0.03 KOW0.77                                                                                                                                (3.6)                                     
This relationship was later defined by Trapp and Matthies, 1995 as below, as stated 
in Trapp, 2004. 
RCF = W + L c KOWb                                                                                              (3.7)                             
The equation for KRW is defined as in Eq.3.8. The values in the equation were taken 
as WR = 0.85, LR = 0.02, c = 1.22 and b = 0.77 (Trapp and Matthies, 1998). 
KRW (L/kg) = 0,85 + 0,02*1,22*(10logKow) 0,77  (Larsen et al., 2005)                   (3.8)  
Trapp, 2009 stated that RCF can be rewritten as KRW. It can be seen that KRW and 
RCF definitions are analogous to each other. Therefore, it will be mentioned as 
‘RCF’ in the model. 
Therefore,  
Translocation (mg/d) = (CR/ RCF) ×Transpiration                                                (3.9)                                                  
 
The uptake by diffusion is defined as in Eq.3.10 according to Fick’s 1st Law. 
 
dt
dmR
 = 





−××
RW
R
W K
CCPA                                                                              (3.10)                                                                                    
P = 10logKow – 6,7  (Trapp, 2004)                                                                            (3.10a)                                                                               
A: surface area of the roots (m2) 
P : permeability of the roots (m/d)  
Diffusion = 
RCF
PACPA R
×
×−××Csolution                                                        (3.11)                                                          
Degradation inside roots is shown as in Eq.3.12. However, it was calculated as zero 
in the model since growth rate was estimated as zero. 
Rm∗Rk                                                                                                                  (3.12)                                                                                       
Rk  : growth rate of the roots (d-1) 
dmRoot = (Uptake – Translocation + Diffusion – Degradation)∗ dt                       (3.13)                         
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mRoot (t0 + dt) = mRoot (t0) + dmRoot (t0)                                                                   (3.14)                                                                        
 
CR (t0 + dt) = 
R
0Root
M
 )(t m
                                                                                       (3.15)                                                                                          
MR : mass of roots (kg) 
As can be seen from Eq.3.15, CR can be calculated in the model after mRoot is 
calculated. 
Stem 
The change of chemical mass in the stem can be described in the same way as the 
roots. Translocation from the roots into stem takes place as well as translocation 
from the stem into the leaves as given below,  
dt
dmSt
= 
StW
St
RW
R K
QC
K
QC ×−×                                                                            (3.16)                                                                                    
StC  : chemical concentration in stem (mg/kg) 
StWK  : coefficient between stem concentration ( StC )  and concentration in water ( WC )    
Translocation into the leaves is named ‘stem out’ in the model while StWK  is shown 
as Kstem. 
Stem out = StC
StemK
ionTranspirat
×                                                                             (3.17)     
log Kstem = 0.28 + 0.668*logKow (Trapp et al., 2001b)                                         (3.18)                                 
 
StemK  = 10
logKstem                                                                                                                                                     (3.19)                                                                                                                                                      
Degradation inside stem is shown as in Eq.3.20. However, it was calculated as zero 
in the model since growth rate was estimated as zero. 
Stm∗Stk                                                                                                                 (3.20)                                                                                                                   
Stk : growth rate of the stem (d-1) 
dmStem = (Translocation – Degradation – Stem out)∗ dt                                       (3.21)                                             
mStem (t0 + dt) = mStem (t0) + dmStem (t0)                                                                  (3.22)                                                                
CSt (t0 + dt) = 
R
0Stem
M
 )(t m
                                                                                      (3.23)  
MSt : mass of stem (kg) 
 
Eq.3.23 can calculate CSt in the model after mStem is calculated. 
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Leaves 
There is a diffusive flux between leaves and air in addition to the translocation from 
stem, which means there is an uptake from air and loss to air. It is described 
according to the Fick’s 1st Law as in Eq.3.24. (Larsen et al., 2005) 
dt
dmL
 = 
LA
LAir K
AgCAgC ρ×××−××                                                                  (3.24)                                                                   
LC  : chemical concentration in leaves (mg/kg) 
AirC  : chemical concentration in air (mg/m3) 
LAK : partition coefficient leaves to air (mg/m3 leaves to mg/m3 air)  
 g   : conductance (m/d) 
 A : leaf are (m2) 
 ρ : density of the leaves (kg/m3) 
The diffusive flux between leaves and air is shown as ‘volatilization’ in the model 
and in the reverse order. 
Volatilization = LC × AgCK
Ag
Air
LA
××−
×
ρ
                                                          (3.25)                                                                
LAK = LWK  / AWK  (Trapp and Matthies, 1998)                                                    (3.26)                                                                          
LWK  : partition coefficient between leaves and water (dimensionless) 
AWK  : partition coefficient between air and water (dimensionless Henry's law 
constant) 
KLW = (WP + LP a KOWb) (Trapp and Matthies, 1998)                                          (3.27)                                               
WP  : water content of the plant tissue (L/kg) 
LP    : lipid content of the plant tissue (L/kg) 
a     : empirical correction factor for differences between lipids and octanol 
(ρwater/ρoctanol)  
b     : exponent to correct differences between n-octanol and plant lipids  
         (dimensionless) 
K*LW = (WP + LP a KOWb) *ρL                                                                                                                      (3.28)     
ρL     : leaf density (kg/m3)                       
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The equation for KLW is defined as in Eq.3.29. The values in the equation were taken 
as WP = 0.8, LP = 0.02, a = 1.22 and b = 0.95 (Trapp and Matthies, 1998) 
KLW = [0.8+0.02*1.22*(10logKow)0,95]*ρL                                                                                             (3.29)                                                                                            
KLA/ρ = (0.8+0.02*1.22*(10logKow)0,95)/ KAW/ρL                                               (3.30)                                                 
Degradation inside leaves is shown as in Eq.3.31. However, it was calculated as zero 
in the model since growth rate was estimated as zero. 
Lm∗Lk                                                                                                                  (3.31)                                                                                                    
Lk : growth rate of the leaves (d-1) 
dmLeaves = (Stem out – Degradation – Volatilization )∗ dt                                    (3.32)                                      
 
mLeaves (t0 + dt) = mLeaves (t0) + dmLeaves (t0)                                                         (3.33)                                                               
CL (t0 + dt) = 
L
0Leaves
M
 )(t m
                                                                                     (3.34)                                                                                          
ML : mass of leaves (kg) 
Eq.3.34 can calculate CL in the model after mLeaves is calculated. 
Solution 
Chemical loss from the solution occurs with uptake and diffusion by plant roots. In 
addition to these processes, volatilization of the chemical from the solution and 
bacterial degradation cause chemical loss from the solution. Bacterial degradation 
takes place by rhizosphere bacteria inside the plant and also by non-specific bacteria 
inside the solution. Therefore, these processes are included in the dynamic model by 
describing a degradation rate for the chemical in the solution (ks). This degradation 
rate consists of three degradation rates. 
• Loss rate from blanks (volatilization) (kv) 
• Additional loss by bacteria rate (non-specific) (knb) 
• Additional loss with rhizosphere bacteria rate (krb) 
Results of the experiments with living trees will be used in order to determine these 
degradation rates. 
ks = kv + knb + krb                                                                                                                                                      (3.35) 
dmSolution = (– Uptake – Diffusion – mSolution ×Degradation rate solution) ∗ dt      (3.36) 
The change of chemical mass in the solution can be described as in Eq.3.37. 
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dt
dmS
 = Solutions
R
SS mkRCF
PACPACionTranspiratC ×−××−××−×                       (3.37)               
mSolution (t0 + dt) = mSolution  (t0) + dmSolution  (t0)                                                      (3.38)                                                    
CS (t0 + dt) = 
Solution
0Solution 
V
 )(t m
                                                                                   (3.39)                                            
VSolution : volume of solution (L) 
dVolume = – Transpiration∗ dt                                                                                 (3.40)                                                  
VSolution (t0 + dt) = VSolution  (t0) + dVolume  (t0)                                                          (3.41)                                                    
Eq.3.41 can calculate CS in the model after mSolution and vSolution are calculated. 
3.3.2 Wetland model 
Same procedure in degradation model is used in the wetland model together with the 
addition of wetland parameters (Trapp, S., P. communication, 2010). By this 
addition, difference that will occur in the mass balance for the solution can be 
calculated. 
3.3.2.1 Wetland characteristics 
Table 3.5 shows the characteristics of the wetland that the dynamic model will be 
used for. The values were obtained from the characteristics of groundwater and a 
wetland in Bitterfeld, Germany, which was studied by Braeckevelt et al. (2008); the 
concentration represents the average value of MCB concentration that was measured 
in the wetland in 2005 and the inflow rate represent the flow of groundwater supplied 
into the wetland. Wetland volume is shown as ‘initial volume wetland, Vinitial’ and 
concentration in wetland is given as ‘Csolution’ in the model. 
3.3.2.2 Model development and equations 
dmSolution = (– Uptake – Diffusion – mSolution ×Degradation rate solution + Inflow –   
Outflow)∗ dt                                                                                       (3.42)                                                                                            
The change of chemical mass in the solution can be described as in Eq.3.43.  
Csolution = Cout 
dt
dmS
 = Solutions
R
SS mkRCF
PACPACionTranspiratC ×−××−××−× + (Qin*Cin –    
              Qout*CS)                                                                                                   (3.43) 
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mSolution (t0 + dt) = mSolution  (t0) + dmSolution  (t0)                                                      (3.44)                                                   
CS (t0 + dt) = 
Solution
0Solution 
V
 )(t m
                                                                                   (3.45)                                                                        
VSolution : volume of solution (L)   
VSolution (t0 + dt) = VSolution  (t0) + dVolume  (t0)                                                          (3.46)   
dVolume =  – Transpiration∗ dt + Qin*dt – Qout*dt                                                  (3.47)                                                                                               
Eq.3.47 can calculate CS in the model after mSolution and VSolution are calculated.                                                   
Table 3.5:  Characteristics of the wetland for the model simulation [modified from 
Braeckevelt et al. (2008)] 
Wetland parameters 
Water level (m) 0,5 
Wetland length (m) 5 
Wetland width (m) 1 
Wetland area (m2) 5 
Wetland volume (L) 2500 
Concentration in wetland (mg/L) 20 
Inflow rate (L/d) 113 
Outflow rate (L/d) 113 
Inflow concentration (mg/L) 20 
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4. RESULTS AND DISCUSSION 
4.1 Degradation Experiment with Monochlorobenzene 
4.1.1 Weight loss in solution 
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Figure 4.1:  Average weight loss (percent) during degradation experiment with MCB 
for Set 1 (non-sterile willow trees), Set 2 (non-sterile willow trees 
inoculated with bacteria from wetland), blanks (willow trees, without 
MCB) and controls without trees (error bars with 5% value) 
Figure 4.1 shows the average percent weight loss from all sets and Figure 4.2 shows 
the average weight loss in grams from all sets. It can be seen in both figures that the 
weight losses in Set 1 and Set 2 show a similar trend, increasing from 1 to 10 mg/L. 
But, the level is lower in Set 2. Blanks (willow trees, without MCB) of each set show 
a clear difference between each other also; there is a higher loss in blanks of Set 1 
than blanks of Set 2, which indicates that tree transpiration is better without bacteria 
addition. However, it is also noticeable that the increase in weight loss from 1 to 10 
mg/L is higher for Set 2 (3.4%) than Set 1 (2.9%). When overall loss is considered, 
highest loss takes place at 10 mg/L from Set 1, followed by blanks of Set 1. Weight 
loss in controls (dead tree stems without contact to solution) is very low, which 
emphasizes the importance of living trees in weight loss. 
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Figure 4.2: Average weight loss (gram) during degradation experiment with MCB 
for Set 1 (non-sterile willow trees), Set 2 (non-sterile willow trees 
inoculated with bacteria from wetland), blanks (willow trees, without 
MCB) and controls without trees (error bars with 5% value) 
4.1.2 Concentration change in solution 
 
Figure 4.3:  Average concentration change with time (0 – 48 h) for Set 1 at 1 
mg/L. [Value at t = 72 h is not shown due to the value below 0] 
In Figure 4.3 average concentration change with time (0 – 48 h) for Set 1 at 1 mg/L 
is shown and the initial concentration (at t = 0) was measured as 0.75 mg/L in this 
set. It can be noticed that the concentration value at t = 72 h is not shown, which is 
below zero (-0.04), so that a trend line could be drawn. It can be understood from the 
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minus value of the final concentration that MCB was completely degraded in this set. 
Therefore, the decrease in concentration is 100%. 
In Figure 4.4 average concentration change with time (0 – 72 h) for Set 1 at 5 mg/L 
is shown and the initial concentration (at t = 0) was measured as 3.76 mg/L in this 
set. MCB concentration decreased during the experiment and the concentration 
measured at t = 72 h is 2.18 mg/L, which means the concentration change is 42%.  
 
Figure 4.4: Average concentration change with time (0 – 72 h) for Set 1 at 5 mg/L 
Figure 4.5 shows the average concentration change with time (0 – 72 h) for Set 1 at 
10 mg/L and the initial concentration (at t = 0) was measured as 8.49 mg/L in this set. 
MCB concentration decreased during the experiment and the concentration measured 
at t = 72 h is 4.06 mg/L, which means the concentration change is 52.2%. It can be 
noticed that the concentration value at t = 16 h (8.69 mg/L) is slightly higher than the 
initial concentration measured and this indicates an error during analytical 
measurement of replicates. 
Figure 4.6 shows the average concentration change with time (16 – 48 h) for Set 1 at 
10 mg/L. The initial concentration (at t = 0) was measured as below zero (-0.33) in 
this set and is not shown in the graph, which could be due to a problem with the 
samples or an error during analytical measurement of replicates. In addition, the 
concentration value at t = 72 h was measured as below zero (-0.26). Despite probable 
error with the initial concentration value in this set, the decreasing trend of the 
concentration from 16 to 48 h and the minus value measured at t = 72 h indicates that 
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all MCB was degraded in this set, which means the decrease in concentration is 
100%.  
 
Figure 4.5: Average concentration change with time (0 – 72 h) for Set 1 at 10 mg/L 
 
Figure 4.6:  Average concentration change with time (0 – 72 h) for Set 2 at 1 mg/L 
[Value at t = 0 and t= 72 are not shown due to their values below 0] 
Figure 4.7 shows the average concentration change with time (0 – 72 h) for Set 2 at 5 
mg/L. The initial concentration (at t = 0) was measured 6.48 mg/L in this set. MCB 
concentration decreased during the experiment and the concentration measured at t = 
72 h is 1.66 mg/L, which means the concentration change is 74.4%. It can be noticed 
that the concentration value at t = 48 h (3.46 mg/L) is higher than the concentration 
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measured at t = 24 h (2.95 mg/L) and this indicates an error during analytical 
measurement of replicates. 
 
Figure 4.7: Average concentration change with time (0 – 72 h) for Set 2 at 5 mg/L 
Figure 4.8 shows the average concentration change with time (0 – 72 h) for Set 2 at 
10 mg/L. The initial concentration (at t = 0) was measured 7.83 mg/L in this set. 
MCB concentration decreased during the experiment and the concentration measured 
at t = 72 h is 4.68 mg/L, which means the concentration change is 40.2%.  
 
Figure 4.8: Average concentration change with time (0 – 72 h) for Set 2 at 10 mg/L 
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Figure 4.9: Average concentration change with time (0 – 72 h) for controls 
without trees at 5 mg/L 
Figure 4.9 shows the average concentration change with time (0 – 72 h) for controls 
without trees at 5 mg/L. The initial concentration (at t = 0) was measured 4.67 mg/L 
in this set. MCB concentration decreased during the experiment and the 
concentration measured at t = 72 h is 2.22 mg/L, which means the concentration 
change is 52.3%. It can be noticed that the concentration values at t = 24 h (2.92 
mg/L) and at = 48 h (3.03 mg/L) are slightly higher than the concentration measured 
at t = 16 h (2.88 mg/L) and this indicates an error during analytical measurement of 
replicates. 
Figure 4.10 shows the average concentration change with time (0 – 72 h) for controls 
without trees at 10 mg/L and the initial concentration (at t = 0) was measured as 8.64 
mg/L in this set. MCB concentration decreased during the experiment and the 
concentration measured at t = 72 h is 3.99 mg/L, which means the concentration 
change is 53.9%.  
4.1.3 Percent change in concentration 
As it can be seen from the Figure 4.11, MCB is lost completely in both Set 1 and Set 
2 at 1 mg/L. At 5 mg/L, losses in Set 1 (non-sterile willow trees) and Set 2 (non-
sterile willow trees with bacteria from wetland added) are very different (42% and 
74.4% respectively). The loss in controls (dead tree stems without contact to 
solution) is 52.3% at 5 mg/L, which is higher than Set 1 but lower than Set 2. At 10 
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mg/L, controls show the highest loss (53.9%), followed by Set 1 and Set 2 (52.2% 
and 40.2% respectively). Both controls show more than 50 % loss and this indicates 
that volatilization played an important role in loss of MCB. 
 
Figure 4.10: Average concentration change with time (0 – 72 h) for controls  without 
trees at 10 mg/L 
 
Figure 4.11: Average percent MCB decrease in degradation experiment: Set 1 is 
non-sterile willow trees; Set 2 is non-sterile willow trees inoculated 
with bacteria from wetland; Controls are dead stems instead of trees 
in the opening of the bottles (initial concentration ≠ 1, 5 or 10 mg/L) 
(error bars with 5% value) 
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Figure 4.12: Average percent MCB decrease in degradation experiment: Set 1 is 
non-sterile willow trees; Set 2 is non-sterile willow trees inoculated 
with bacteria from wetland; Controls are dead stems instead of trees in 
the opening of the bottles (initial concentration = 1, 5 or 10 mg/L) 
(error bars with 5% value) 
Due to differences between initial measured concentrations and the nominal 
concentrations in all sets, percent losses were re-calculated according to nominal 
initial concentrations and the results were given Figure 4.12. The figure shows a 
similar pattern of loss when compared to Figure 4.11; on the other hand, there are 
some differences in values. The results for Set 1 at 5 and 10 mg/L are similar and the 
difference between the results at 5 and 10 mg/L is smaller for Set 2. Overall, both 
figures indicate that bacteria addition in Set 2 helped degradation of MCB at 5 mg/L. 
However, the lower loss at 10 mg/L than at 5 mg/L in Set 2, which is the opposite of 
Set 1, makes it difficult to interpret the results clearly in the means of degradation 
processes. 
4.2 Toxicity Test With Sodium Azide 
4.2.1 Average and percent weight loss 
The toxicity test with willow trees and NaN3 was carried out as explained in section 
3.1.2. Figure 4.13 shows the average weight loss results for blanks during the test. A 
trend of increasing loss with time for blanks can be seen from the figure, which 
means tree transpiration took place as usual without any sodium azide addition. At 50 
mg/L of sodium azide addition, there was a continuous loss but the trend was slower,
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which is clearly noticeable after 72 hours (Figure 4.14). At 100 mg/L of sodium azide 
addition, there was still some loss observable, especially at the first stages of the test 
(between t = 0 and t = 48 h); but, it had a decreasing trend with time and it was about 
to stop after 72 hours (Figure 4.15). 
 
Figure 4.13: Average weight loss for blanks during the toxicity test with sodium               
azide (NaN3) (t = 0 – 96 h) 
 
            Figure 4.14: Average weight loss at 50 mg/L during toxicity test with sodium azide 
(NaN3) (t = 0 – 96 h) 
Average percent weight loss is highest in blanks (16.2%), followed by 50 mg/L 
(4.9%) and 100 mg/L (3.9%). There is a clear difference between the loss from 
blanks and loss from sets with sodium azide addition (Figure 4.16). 
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  Figure 4.15: Average weight loss at 100 mg/L during toxicity test with sodium 
azide (NaN3) (t = 0 – 96 h) 
 
Figure 4.16: Average percent weight loss at C = 0 (blanks), C = 50 and C = 100 
mg/L at the end of the toxicity test with sodium azide (NaN3) 
4.2.2 Sodium azide toxicity 
Normalized relative transpiration, NRT is used to express the effect of sodium azide 
on willow trees. Transpiration was measured as explained in section 3.1.2. The 
formula below was used in order to calculate NRT (Trapp et al, 2000): 
rT (%) = 100* ( ) ( )[ ]( ) ( )[ ]∑
∑
j jj
i ii
mTtT
nCTtCT
/0,0/,0
/0,/,
                                                                   (4.1)                                                                
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index i = replicate 
index j = control 
T = absolute transpiration 
C = concentration of solution 
t = exposure time 
n = number of replicates 
m = number of controls 
The weight loss after adding sodium azide is expressed relative to initial transpiration 
so that there can be a more accurate comparison between transpiration results of 
willow trees. Since the transpiration of controls increases during the experiment, the 
relative transpiration is divided by the mean transpiration change of the controls to 
consider this (Trapp et al. 2000). 
Table 4.1: Measured average absolute transpiration (g/h) at C = 0 (blanks), C = 50 
and C = 100 mg/L from t = 0 to t = 72 h 
  Measured absolute transpiration (g/h), mean 
  Time (h) 
Concentration 0 24 48 72 
C=0 0.49 0.66 0.71 0.83 
C=50 0.26 0.25 0.18 0.13 
C = 100 0.32 0.19 0.08 0.06 
Table 4.1 shows the measured average absolute transpiration as grams per hour in the 
toxicity test at all concentrations from t = 0 (0 – 24 h) to t = 72 h (72 – 96 h). The 
absolute transpiration increased with time at C = 0 and became highest at t = 72 h for 
C = 0 (0.83 g/h). However, it decreased with time at C = 50 and C = 100 mg/L, 
which became lowest at t = 72 h for C = 100 mg/L (0.06 g/h).  
Table 4.2 shows the calculated normalized relative transpiration as percent in the 
toxicity test at all concentrations from t = 0 (0 – 24 h)  to t = 72 h (72 – 96 h). The 
NRT of blanks is 100% throughout the test period. It decreased from 100% to 28.5% 
with time at C = 50 mg/L. At C = 100 mg/L, it decreased from 100% to 10.8% with 
time, which shows a bigger difference.  
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Table 4.2: Normalized relative transpiration (%) at C = 0 (blanks), C = 50 and C = 
100 mg/L from t = 0 to t = 72 h 
  Normalized relative transpiration, NRT (%) 
  Time (h) 
Concentration 0 24 48 72 
C=0 100 100 100 100 
C=50 100 71.0 46.7 28.5 
C = 100 100 43.5 16.3 10.8 
Figure 4.17 shows the NRT change for all concentrations of sodium azide with time. 
It is clear from the results that the transpiration decreased rapidly with increased 
concentration, which shows the toxic effect of sodium azide on willow trees. 
According to these results, the concentration of NaN3 for the next experiment was 
chosen as 50 mg/L, which would kill bacteria and also be less toxic to trees than 100 
mg/L. 
 
Figure 4.17: Normalized relative transpiration during toxicity test with sodium azide 
(NaN3) (t = 0 – 72 h) 
4.3 Degradation Experiment With Monochlorobenzene (with sodium azide) 
4.3.1 Weight loss in solution 
Figure 4.18 shows average weight loss in percent and Figure 4.19 shows average 
weight loss in grams for the 2nd experiment. As can be seen from both figures, Set 6 
(no bacteria, no NaN3 and no MCB) has the highest average weight loss, followed by 
47 
 
Set 3 (with bacteria and MCB, no sodium azide). This indicates that trees transpire 
better when NaN3 is absent. Also, when Set 1 (with bacteria, MCB and NaN3) and 
Set 3 are compared, it can be seen that addition of NaN3 has an effect on trees, which 
is also noticeable when Set 2 (no bacteria, with NaN3 and MCB) and Set 4 (with 
MCB, no bacteria and no NaN3) are compared. In addition to that, the difference 
between Set 1 and Set 2 shows that bacteria have an effect on trees. This effect can 
be seen more clearly when Set 5 (with bacteria, no NaN3 and no MCB) and Set 6 (no 
bacteria, no NaN3 and no MCB) are compared. Therefore, it can also be understood 
that NaN3 addition in Set 1 did not kill all bacteria that had an effect on the tree. 
 
       Figure 4.18:  Average percent weight loss during degradation experiment with MCB 
(with sodium azide) ( t = 0 – 72 h) (Set 1: with bacteria, MCB and 
NaN3; Set 2: without bacteria, with MCB and NaN3; Set 3: with 
bacteria and MCB, without NaN3; Set 4: without bacteria and NaN3, 
with MCB; Set 5: with bacteria, without MCB and NaN3; Set 6: 
without bacteria, NaN3 and MCB)   
When Set 4 (without bacteria, no NaN3, only MCB) and Set 6 are compared, it can 
be seen that MCB has a negative effect on trees. However, Set 3 has a higher loss 
than Set 5 (with bacteria, no NaN3 and no MCB). This indicates that MCB is slightly 
more toxic to trees when there is no bacteria addition together with the chemical, 
because Set 4 has a lower loss than Set 3 as well. Since the average percent weight 
loss values for both Set 4 and Set 5 are lower than Set 3, it can be said that when 
bacteria and MCB are present together in the solution (in the absence of NaN3), they 
have a less negative effect on the tree due to bacterial degradation of MCB. 
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Figure 4.19: Average weight loss (g) during degradation experiment with MCB 
(with sodium azide) (t = 0 – 72 h) (Set 1: with bacteria, MCB and 
NaN3; Set 2: without bacteria, with MCB and NaN3; Set 3: with 
bacteria and MCB, without NaN3; Set 4: without bacteria and NaN3, 
with MCB; Set 5: with bacteria, without MCB and NaN3; Set 6: 
without bacteria, NaN3 and MCB)   
Set A (no tree and bacteria, with MCB and NaN3), Set B (no tree, MCB and NaN3, 
with bacteria), and Set C (no tree and NaN3, with MCB and bacteria) have very low 
levels of weight loss, which shows that absence of trees effects weight loss 
drastically due to lack of transpiration. 
4.3.2 Concentration change in solution 
4.3.2.1 Concentration change with measured initial Csolution 
Figure 4.20 shows the average concentration change with time (0 – 72 h) for Set 1 
and the initial concentration (at t = 0) was measured as 4.44 mg/L in this set. It is 
clear that MCB concentration decreased during the experiment and the concentration 
measured at t = 72 h is 1.31 mg/L, which means a decrease of 70.5% in 
concentration. 
Figure 4.21 shows the average concentration change with time (0 – 72 h) for Set 2 
and the initial concentration (at t = 0) was measured as 4.27 mg/L in this set. MCB 
concentration decreased during the experiment and the concentration measured at t = 
72 h is 2.52 mg/L. Change in concentration is 40.9%. As it can be seen from the 
figure, final concentration value is higher than the previous measurement at t = 48 h 
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(1.51 mg/L), which can be explained by an error during analytical measurement of 
replicates.  
 
Figure 4.20: Average concentration change with time (0 – 72 h) for Set 1 (with 
intact, non-sterile willow trees, inoculated with bacteria and with 
NaN3) at 5 mg/L (with measured initial concentration) 
 
Figure 4.21: Average concentration change with time (0 – 72 h) for Set 2 (with 
intact, non-sterile willow trees, without bacteria and with NaN3) at 5 
mg/L (with measured initial concentration) 
Figure 4.22 shows the average concentration change with time (0 – 72 h) for Set 3 
and the initial concentration (at t = 0) was measured as 4.24 mg/L in this set. It is 
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evident that MCB concentration decreased during the experiment and the 
concentration measured at t = 72 h is 1.24 mg/L. Change in concentration is 70.7%.  
 
Figure 4.22: Average concentration change with time (0 – 72 h) for Set 3 (with 
intact, non-sterile willow trees, inoculated with bacteria and without 
NaN3) at 5 mg/L (with measured initial concentration) 
 
Figure 4.23: Average concentration change with time (0 – 72 h) for Set 4 (with 
intact, non-sterile willow trees, without bacteria and NaN3) at 5 mg/L 
(with measured initial concentration) 
Figure 4.23 shows the average concentration change with time (0 – 72 h) for Set 4 
and the initial concentration (at t = 0) was measured as 4.28 mg/L in this set. MCB 
concentration decreased during the experiment and the concentration measured at t = 
72 h is 2.12 mg/L. Change in concentration is 50.4%. It can be noticed from the
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figure that the final concentration value is higher than the previous measurement at t 
= 48 h (1.89 mg/L), which can be explained by an error during analytical 
measurement of replicates. 
 
Figure 4.24:  Average concentration change with time (0 – 72 h) for Set A (without 
trees and bacteria, with NaN3) at 5 mg/L (with measured initial 
concentration) 
Figure 4.24 shows the average concentration change with time (0 – 72 h) for Set A 
and the initial concentration (at t = 0) was measured as 4.74 mg/L in this set. MCB 
concentration decreased during the experiment and the concentration measured at t = 
72 h is 2.30 mg/L. Change in concentration is 51.5%. It can be noticed from the 
figure that the concentration value at t = 48 (2.90 mg/L) is slightly higher than the 
previous measurement at t = 24 h (2.74 mg/L), which can be explained by an error 
during analytical measurement of replicates. 
Figure 4.25 shows the average concentration change with time (0 – 72 h) for Set B 
and the initial concentration (at t = 0) was measured as 4.51 mg/L in this set. MCB 
concentration decreased during the experiment and the concentration measured at t = 
72 h is 1.58 mg/L. Change in concentration is 65.1%. As it can be noticed from the 
figure, the concentration value at t = 48 (2.83 mg/L) is slightly higher than the 
previous measurement at t = 24 h (2.75 mg/L), which can be explained by an error 
during analytical measurement of replicates. 
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Figure 4.25:  Average concentration change with time (0 – 72 h) for Set B (without 
trees, bacteria and NaN3) at 5 mg/L (with measured initial 
concentration) 
 
Figure 4.26:  Average concentration change with time (0 – 72 h) for Set C (without 
trees, inoculated with bacteria) at 5 mg/L (with measured initial 
concentration) 
Figure 4.26 shows the average concentration change with time (0 – 72 h) for Set C 
and the initial concentration (at t = 0) was measured as 4.30 mg/L in this set. MCB 
concentration decreased during the experiment and the concentration measured at t = 
72 h is 1.47 mg/L. Change in concentration is 65.9%. As it can be noticed from the 
figure, the concentration value at t = 48 (2.59 mg/L) is slightly higher than the 
previous measurement at t = 24 h (2.54 mg/L), which can be explained by an error 
during analytical measurement of replicates. 
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4.3.2.2 Concentration change with nominal initial Csolution 
Figure 4.27 shows the average concentration change with time (0 – 72 h) for Set 1 
with the initial concentration (at t = 0) accepted as the nominal value, 5 mg/L, which 
is the difference from Figure 4.20. Therefore, the change in concentration increased 
to 73.8%. 
 
Figure 4.27:  Average concentration change with time (0 – 72 h) for Set 1 (with 
intact, non-sterile willow trees, inoculated with bacteria and with 
NaN3) at 5 mg/L (with nominal initial concentration) 
 
   Figure 4.28:   Average concentration change with time (0 – 72 h) for Set 2 (with 
intact, non-sterile willow trees, without bacteria and with NaN3) at 
5 mg/L (with nominal initial concentration) 
Figure 4.28 shows the average concentration change with time (0 – 72 h) for Set 2 
with the initial concentration (at t = 0) accepted as the nominal value, 5 mg/L, which
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is the difference from Figure 23. Therefore, the change in concentration increased to 
49.6% 
Figure 4.29 shows the average concentration change with time (0 – 72 h) for Set 3 
with the initial concentration (at t = 0) accepted as the nominal value, 5 mg/L, which 
is the difference from Figure 4.22. Therefore, the change in concentration increased 
to 75.2%. 
 
Figure 4.29:  Average concentration change with time (0 – 72 h) for Set 3 (with 
intact, non-sterile willow trees, inoculated with bacteria and without 
NaN3) at 5 mg/L (with nominal initial concentration) 
 
Figure 4.30:  Average concentration change with time (0 – 72 h) for Set 4 (with 
intact, non-sterile willow trees, without bacteria and NaN3) at 5 mg/L 
(with nominal initial concentration)   
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Figure 4.30 shows the average concentration change with time (0 – 72 h) for Set 4 
with the initial concentration (at t = 0) accepted as the nominal value, 5 mg/L, which 
is the difference from Figure 4.23. Therefore, the change in concentration increased 
to 57.6%. 
Figure 4.31 shows the average concentration change with time (0 – 72 h) for Set A 
with the initial concentration (at t = 0) accepted as the nominal value, 5 mg/L, which 
is the difference from Figure 4.24. Therefore, the change in concentration increased 
to 54%. 
 
Figure 4.31:  Average concentration change with time (0 – 72 h) for Set A (without 
trees and bacteria, with NaN3) at 5 mg/L (with nominal initial 
concentration) 
Figure 4.32 shows the average concentration change with time (0 – 72 h) for Set B 
with the initial concentration (at t = 0) accepted as the nominal value, 5 mg/L, which 
is the difference from Figure 4.25. Therefore, the change in concentration increased 
to 68.5%. 
Figure 4.33 shows the average concentration change with time (0 – 72 h) for Set C 
with the initial concentration (at t = 0) accepted as the nominal value, 5 mg/L, which 
is the difference from Figure 4.26. Therefore, the change in concentration increased 
to 70.7%. 
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  Figure 4.32:  Average concentration change with time (0 – 72 h) for Set B (without 
trees, bacteria and NaN3) at 5 mg/L (with nominal initial 
concentration) 
 
Figure 4.33:  Average concentration change with time (0 – 72 h) for Set C (without 
trees, inoculated with bacteria) at 5 mg/L (with nominal initial 
concentration) 
4.3.2.3 Percent change in concentration  
Percent (%) MCB loss in 2nd experiment is shown in Figure 4.34 according to 
nominal initial solution concentrations. It can be seen that Set 3 (with tree, bacteria 
and MCB, no sodium azide) shows the highest concentration change (75.2%), 
followed by Set 1 (with tree and bacteria, MCB and NaN3), (73.8%) and Set C (no 
tree and NaN3, with MCB and bacteria), (70.7%). These results clearly show that 
MCB loss occurred to the highest degree when the bacteria coming from the wetland 
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were added to the solution. In addition, the loss in Set 3 is higher than the loss in Set 
4 (with tree and MCB, no bacteria and NaN3), which means bacterial addition 
increased the loss of MCB considerably. 
 
Figure 4.34: Percent MCB decrease in degradation experiment with 
monochlorobenzene (with sodium azide) (t = 0 – 72 h) (nominal 
initial concentration) (Set 1: with bacteria, MCB and NaN3; Set 2: 
without bacteria, with MCB and NaN3; Set 3: with bacteria and 
MCB, without NaN3; Set 4: without bacteria and NaN3, with MCB; 
Set A: without tree and bacteria, with MCB and NaN3; Set B: 
without tree, bacteria and NaN3, with MCB; Set C: without tree and 
NaN3, with bacteria and MCB)   
Set 2 (with tree, NaN3 and MCB, no bacteria) has the lowest loss followed by Set A 
(no tree and bacteria, with MCB and NaN3). Their similar losses (49.6% and 54% 
respectively) can be interpreted as mainly due to volatilization since NaN3 probably 
had a toxic effect on the tree (see toxicity test) and there was no bacteria addition into 
those sets. The loss from Set 4 is higher than the loss from Set 2 and the loss from 
Set B (just MCB, no tree, bacteria and NaN3) is higher than the loss from Set A. This 
indicates that some degrader bacteria were already present when there was no 
addition of bacteria and NaN3 affected those that were present in Set 2 and Set A. 
This can also be supported by the higher loss in Set B than Set A. It should also be 
noted that Set 4 has a lower loss than corresponding Set B, which means that trees 
were less effective in degradation of MCB. 
Figure 4.35 shows the percent loss according to measured initial solution 
concentrations and the results are similar to the ones with nominal initial solution 
concentrations (Figure 4.34). The results for Set 1 (70.5%) and Set 3 (70.7%) are 
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very close, which indicates that NaN3 addition was not enough to kill all bacteria in 
Set 1. Tree roots probably reacted with NaN3 mainly (color change observed in roots 
indicate this) and bacteria were protected. This can also be understood from the 
average percent weight loss difference between Set 1 and Set 3 (Figure 4.18). Set B 
and Set C also have very close values (65% and 65.9% respectively), which shows 
that rhizosphere bacteria do not have an effect in the absence of living trees. 
 
Figure 4.35: Percent MCB decrease in degradation experiment with 
monochlorobenzene (with sodium azide) ( t = 0 – 72 h) (measured 
initial concentration) (Set 1: with bacteria, MCB and NaN3; Set 2: 
without bacteria, with MCB and NaN3; Set 3: with bacteria and 
MCB, without NaN3; Set 4: without bacteria and NaN3, with MCB; 
Set A: without tree and bacteria, with MCB and NaN3; Set B: 
without tree, bacteria and NaN3, with MCB; Set C: without tree and 
NaN3, with bacteria and MCB)      
Table 4.3: Hourly first-order MCB loss rate constants for the sets in second    
experiment (calculated according to measured and nominal initial 
concentration values) 
Sets (2nd experiment) 
Degradation rate (1/h)  
Real initial 
concentration 
Nominal initial 
concentration 
Set 2 0.0084 0.01 
Set 3 0.0152 0.0168 
Set 4 0.0101 0.0117 
Set A 0.0086 0.0091 
Set B 0.0122 0.0133 
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4.3.3 Calculation of rate constants for degradation processes in the solution 
Rate constants for the degradation of MCB were calculated using Excel graphs 
(Figure 23 – 25, Figure 28, 29 and Figure 32 – 36) for average concentration change 
of Set 2, Set 3, Set 4, Set A and Set B from 2nd experiment. Constants were calculated 
for both real and nominal initial MCB concentrations. Concentration change of MCB 
shows an exponential decay and exponential trend lines on Excel can be used to 
obtain the decay formula (Eq.4.2) as the formulas displayed on the graphs are 
analogous to it. The k value in the equation gives the rate constants for each set 
(Table 4.3). 
C(t) = C(0)*exp(-kt)                                                                                                (4.2)                                                                                      
Table 4.4: Hourly and daily first-order MCB loss rate constants for the loss 
processes from the solution (calculated according to measured and 
nominal initial concentration values) 
Process 
Degradation rate (1/h) Degradation rate (1/d)  
Measured 
initial 
concentration 
Nominal initial 
concentration 
Measured 
initial 
concentration 
Nominal initial 
concentration 
Volatilization 0.0085 0.0096 0.204 0.229 
Non-specific 
degradation 0.0027 0.003 0.064 0.071 
Bacterial 
degradation 
(rhizosphere) 
0.0051 0.0051 0.122 0.122 
TOTAL 0.0163 0.0176 0.39 0.422 
Rate constant for volatilization was calculated from Set 2 and Set A by taking the 
average of their calculated k value. Rate constant for rhizosphere degraders was 
calculated by taking the difference of k values of Set 3 and Set 4. Rate constant for 
non-spesific degradation was calculated by taking the difference of k values of Set B 
and Set A as well as Set 4 and Set 2 first. Later, average of these differences was 
taken in order to determine the rate constant for non-spesific degradation. These 
described calculations were made with hourly k values and converted into daily 
values. (Table 4.4). 
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Rate constant for tree uptake was calculated by taking the difference of average 
weight loss results for Set 3 and Set B (Figure 4.19). This difference in weight loss 
represents weight loss by transpiration (with the elimination of volatilization) and 
was calculated as: 
19.66 – 2.68 = 16.98 g during experiment (3 days)                                                (4.3)                                                                  
Daily weight loss by transpiration = 66.5
3
98.16
= g                                             (4.3a)                                                             
For d = 0.997 g/mL (at 25˚C), daily volume loss by transpiration, 
V = 68.5
997.0
66.5
= mL = 0.00568 L                                                                          (4.4)                                                                        
Therefore, the rate constant for tree uptake was calculated as 0.00568 L/d.  
4.4 Model Results 
4.4.1 Model parameters 
Table 4.5: Default model parameters 
Parameter Default value Unit Source 
Initial Csolution 0 to 5 mg/L measured & calculated 
log KOW                                                                                                     2.78 m3/m3 Rippen, 2000 
KAW                                                              0.15  m3/m3   Rippen, 2000 
Initial volume solution                                                                                   0.4 L measured 
Solution degradation 
rate 
0.390/0.422 L/d measured 
Root mass                                                                                                   0.002 kg Larsen, 2005 
Transpiration                                             0.00568 L/d    measured & calculated 
Root area                                                                                                0.0001 m2 estimated 
Stem mass                                    0.05 kg    measured  
Leaf mass                                                                                          0.0035 kg  Larsen, 2005 
Leaf area                                     110 cm2/g Larsen, 2005 
Leaf conductance, g                                                                            8.64 m/d Trapp and Matthies, 1995 
Leaf density                                                                                          1000 kg/m3 estimated 
KLA/ρ                                                                            0.0765 (mg/kg : mg/m3) estimated 
Kstem                                                            37.8 L/kg estimated 
KRW (RCF)                                                                                               4.22 L/kg estimated 
Cair                                                                                           0 mg/m3 constant 
Growth rate k                                                                                   0 1/d estimated   
The dynamic model was implemented in Excel according to the procedures 
explained in section 3.3.1.2 and run for MCB. Default parameters were determined 
and used in the model as summarized in Table 4.5. Initial Csolution was determined
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according to measured values and nominal values from the experiment. Solution 
degradation rate had two different values (real and nominal) as calculated in section 
4.3.3. Since degradation of the chemical inside the plant was not considered, growth 
rate, k was set to zero. Other input parameters were kept constant for living trees (Set 
1, 2, 3, 4). For model runs without trees (Set A, Set B, Set C) root area, transpiration, 
leaf area and degradation rate for additional loss with roots were set to zero. The 
model could predict results for the components below: 
• Csolution, Vsolution, msolution with time, t 
• Total and percent mass loss of MCB from the solution 
• Loss pathways of MCB from the solution 
• Final mass of MCB in roots, stem and leaves 
4.4.2 Sensitivity analysis 
Sensitivity analysis is an iterative process of testing a model where one parameter at 
a time is systematically increased or decreased while the result is recorded 
(Dunnivant, 2006). In order to make a sensitivity analysis, the input parameters were 
decreased and increased by 30% while the concentrations in roots, stem, leaves and 
solution were recorded each time. One input parameter was changed at a time while 
rest of the input parameters were kept constant (at t = 2 d). Initial Csolution value was 
chosen as 4.44 mg/L and solution degradation rate value as 0.390 1/d for the 
analysis, which are the real values from Set 1 in Experiment 2. The results of the 
analysis are given in Table 4.6. 
Results of the sensitivity analysis provide a clear understanding about the effect of an 
input parameter on the chemical concentration in the solution and inside the plant. 
For instance, a 30% increase in log KOW value gives the most drastic change (265% 
increase) in concentration (Croot) among all parameters and changes. This emphasizes 
the importance of the relationship between octanol-water partition coefficient and 
concentration of the chemical in the root. Increase in KAW and transpiration by 30% 
gives particularly high increase in Cleaves. It can be seen that several parameters have 
an effect on specific concentrations among all. Changes in KAW and Leaf mass/area 
have an effect on Cleaves (53% and 71%) solely while change in stem mass shows an 
effect on both Cstem and Cleaves (43% and -23%). Changes in root mass, root area and 
Vsolution have lower effects on concentrations overall. 
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4.4.3 Degradation model simulations 
The dynamic model was run for Set 1, Set 2, Set 3, Set 4, Set A, Set B and Set C 
using the real and nominal values of initial Csolution and solution degradation rate from 
Experiment 2. The main focus of the model was to predict the change in Csolution and 
msolution with time and to calculate total mass loss of chemical from the solution. 
Results calculated by the model were compared to the results from the experiment 
afterwards. 
4.4.3.1 Real simulations 
Simulations for concentration, volume and mass change 
The model was run with the average of measured initial Csolution concentrations, 4.31 
mg/L and real solution degradation rate constant of 0.39 1/d (for Set 1, Set 2, Set 3, 
Set 4). The average of measured initial Csolution concentrations was calculated as 4.51 
mg/L for Set A, Set B and Set C and the solution degradation rate constant was 
implemented as 0.268 1/d since the degradation rate for root-colonizing bacteria was 
eliminated for those sets. 
Table 4.7: Average measured and model-calculated results of concentration, volume 
and mass of chemical for Set 1, Set 2, Set 3 and Set 4 (real initial 
concentration) 
 
AVERAGE OF SET 1, 2, 3, 4 
 
Concentration Volume Mass of 
chemical 
Concentration Volume Mass of 
chemical 
 
Measured input data Calculated results 
 
mg/L L mg mg/L L mg 
time       
0.00 4.31 0.40 1.72 4.31 0.40 1.72 
1.00 2.44 0.39 0.96 2.88 0.39 1.14 
2.00 1.82 0.40 0.73 1.97 0.39 0.76 
3.00 1.80 0.385 0.69 1.34 0.38 0.51 
Total loss 
 
0.016 1.03 
 
0.02 1.21 
Percent 
loss 
58.24 3.88 59.85 68.88 4.26 70.21 
Table 4.7 shows average concentration, volume and mass of chemical calculated for 
all replicates with trees together with the model results. It is seen that total mass loss 
of MCB at t = 3 d was measured as 1.03 mg and it was calculated as 1.21 by the 
model; therefore, the percent loss occurred as approximately 60% for the measured 
results and 70% for the model results.  
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Table 4.6: Sensitivity analysis results for degradation model input parameters as percent change 
PERCENTAGE CHANGE IN CONCENTRATIONS FOR (- /+) 30% CHANGE IN DEFAULT PARAMETERS  
 
Parameter & change percentage 
CR CR Cstem Cstem CL CL CS CS 
-30% 30% -30% 30% -30% 30% -30% 30% 
Root mass 0.1 -0.1 0.5 -0.5 0.5 -0.5 0.1 -0.1 
Transpiration -0.01 0.01 -30 30 -51 69 -0.01 0.01 
Csolution -30 30 -30 30 -30 30 -30 30 
Stem mass 0 0 43 -23 43 -23 0 0 
Leaf mass/area 0 0 0 0 43 -23 0 0 
Root area 0.1 -0.1 -0.1 0.1 -0.1 0.1 0 0 
Vsolution -0.2 -0.2 0.3 -1 -1 0.3 -0.2 0.1 
Degradation 26 -20 11 -9 11 -9 26 -20 
log Kow -61 265 -0.4 -3 5 56 0.3 -1 
KAW 0 0 0 0 53 71 0 0 
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Figure 4.36: Average concentration change for Csolution with time (t = 0 – 3 d) for Set 
1, Set 2, Set 3 and Set 4: Model results versus measured values 
 
Figure 4.37: Average mass change for msolution with time (t = 0 – 3 d) for Set 1, Set 2, 
Set 3 and Set 4: Model results versus measured values 
Concentration change in solution calculated by the model for the average initial 
concentration of Set 1, 2, 3 and 4 was compared to the average measured change in 
Figure 4.36 and average mass change for Set 1 can be seen in Figure 4.37 It can be 
noticed from both figures that the change has an exponential trend of loss. 
Table 4.8 shows the average concentration, volume and mass of chemical calculated 
for all replicates without trees together with the model results. It is shown that the 
model calculated less percent mass loss (55.3%) than measured percent loss (60.8%); 
therefore, the difference is 5.5%. 
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Table 4.8: Average measured and model-calculated results of concentration, volume 
and mass of chemical for Set A, Set B and Set C (real initial 
concentration) 
 
AVERAGE OF SET A, B, C 
Time Concentration Volume Mass of 
chemical 
Concentration Volume Mass of 
chemical 
 
Measured input data Calculated results 
day mg/L L mg mg/L L mg 
       
0.00 4.51 0.40 1.80 4.51 0.40 1.80 
1.00 2.67 0.40 1.06 3.45 0.40 1.38 
2.00 2.77 0.40 1.10 2.64 0.40 1.06 
3.00 1.78 0.397 0.71 2.02 0.40 0.81 
Total loss 
 
0.003 1.10 
 
0.00 1.00 
Percent 
loss 
60.53 0.74 60.83 55.28 0.00 55.28 
 
 
Figure 4.38: Average concentration change for Csolution with time (t = 0 – 3 d) for Set 
A, Set B and Set C: Model results versus measured values 
Figure 4.38 and Figure 4.39 show the average concentration change and mass change 
in solution respectively for Set 1, Set 2, Set 3 and Set 4. It can be seen that the model 
predicted more of a linear loss rather than an exponential loss as in sets with living 
trees. This can be interpreted as an effect of absence of the roots; that is to say, the 
elimination of the degradation rate for root-colonizing bacteria from the solution 
degradation rate. As shown in the sensitivity analysis results (Table 4.6), decrease in 
solution degradation rate has the most important impact on Csolution (26%) among all 
input parameters’ impacts.  
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Figure 4.39: Average mass change for msolution with time (t = 0 – 3 d) for Set A, Set B 
and Set C: Model results versus measured values 
Loss pathways  
Chemical mass change in solution was described in section 3.3.1.2. According to 
this, the model calculated the mass loss pathways for each set in Experiment 2 and 
their averages as given in Table 4.9 (with measured initial Csolution values) . The 
average values for sets with living trees are higher than sets without living trees, 
which is a result of uptake and diffusion to roots and additional degradation of the 
chemical by the root bacteria. Also, it is evident that the loss by bacterial degradation 
and volatilization takes a more effective part than the loss to roots in removal of 
MCB from the solution (1.156 and 0.054 mg/L respectively). 
The chemical lost to roots from the solution by uptake and diffusion is distributed 
throughout the plant parts. Model calculations for the distribution of MCB in roots, 
stem and leaves by the uptake and loss processes as well as the final mass of 
chemical left in each plant part at the end of 3 days were also made. The calculations 
were made for each set with living trees and their average, but not for the sets 
without trees as uptake of chemical by roots does not occur in those sets. When the 
average final mass values were compared, it was found that highest final mass is in 
the stem (0.043 mg) while lowest is in the leaves (1,03E-07 mg). This can be 
explained by the low amount of chemical passing from the stem into the leaves as 
well as the almost complete loss of the chemical from the leaves by volatilization. It 
should also be noted that degradation inside plants was not included in these results.  
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Table 4.9:   Model-calculated mass loss pathways of MCB from the solution for each set  and 
average of sets in degradation experiment with monochlorobenzene (with sodium 
azide) (measured initial concentration) 
REAL Set 1 Set 2 Set 3 Set 4 Set A Set B Set C 
Ave. 
 Set  
1 – 4 
Ave. 
 Set  
A – C 
Loss 
pathways 
    
     
Loss by 
degradation + 
volatilization 
(mg) 
1.190 1.150 1.140 1.150 1.050 1.000 0.950 1.157 1.00 
Loss to roots 
(mg) 
0.056 0.054 0.053 0.054 0 0 0 0.054 0 
Total loss from 
solution (mg) 
1.250 1.200 1.190 1.200 1.050 1.000 0.950 1.21 1.00 
4.4.3.2 Nominal simulations  
Simulations for concentration, volume and mass change 
After the run with measured initial Csolution and solution degradation rate constant for 
the sets, the model was re-run with the nominal initial Csolution concentration of 5 
mg/L and nominal solution degradation rate constant of 0.422 1/d (for Set 1, Set 2, 
Set 3, Set 4). For Set A, Set B and Set C, the solution degradation rate constant was 
implemented as 0.300 1/d since the degradation rate for root-colonizing bacteria was 
eliminated for those sets.  
The average concentration, volume and mass of chemical were calculated for all 
replicates with living trees and given in Table 4.10. The average measured results 
were compared with the model results and it is seen the model predicted higher 
percent loss (72.9%) than the measured loss (65.4%), which gives a difference of 
approximately 7.5%.  
Table 4.11 shows the average concentration, volume and mass of chemical calculated 
for all replicates without trees together with the model results. Unlike the results with 
living trees, the model predicted lower percent loss (59.4%) than measured values 
(64.6%). The difference is approximately 5%.  
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Table 4.10: Average measured and model-calculated results of concentration, volume and 
mass of chemical for Set 1, Set 2, Set 3 and Set 4 (nominal initial 
concentration) 
 
AVERAGE OF SET 1, 2, 3, 4 
Time Concentration Volume Mass of 
chemical 
Concentration Volume Mass of 
chemical 
 
Measured input data Calculated results 
day mg/L L mg mg/L L mg 
       
0.00 5.00 0.40 2.00 5.00 0.40 2.00 
1.00 2.45 0.39 0.96 3.25 0.39 1.28 
2.00 1.82 0.39 0.71 2.14 0.39 0.83 
3.00 1.80 0.38 0.69 1.41 0.38 0.54 
Total loss 
 0.015 1.31  0.02 1.46 
Percent 
loss 
64.05 3.87 65.43 71.71 4.26 72.92 
Table 4.11: Average measured and model-calculated results of concentration, volume and 
mass of chemical for Set A, Set B and Set C (nominal initial concentration) 
 
AVERAGE OF SET A, B, C 
Time Concentration Volume Mass of 
chemical 
Concentration Volume Mass of 
chemical 
 
Measured input data Calculated results 
day mg/L L mg mg/L L mg 
       
0.00 5.00 0.40 2.00 5.00 0.40 2.00 
1.00 2.68 0.40 1.07 3.70 0.40 1.48 
2.00 2.77 0.40 1.10 2.74 0.40 1.10 
3.00 1.78 0.40 0.71 2.03 0.40 0.81 
Total loss 
 0.003 1.29  0.00 1.19 
Percent 
loss 
64.33 0.74 64.60 59.37 0.00 59.37 
Loss pathways  
Table 4.12 shows the model calculated mass loss pathways for average results of sets 
with and without trees in Experiment 2 (with nominal initial Csolution values). The 
average values for sets with living trees are higher than sets without living trees, 
similar to the results with real initial Csolution values. The results are higher than in 
Table 4.9 as the nominal initial Csolution value (5 mg/L) is higher than measured initial 
Csolution values.   
The average calculations were made for the distribution of chemical in plants for sets 
with living trees and the highest final mass was calculated in the stem (0.048 mg) 
while lowest in the leaves (1,15E-07 mg). As in distribution calculations with 
measured initial Csolution, degradation inside plants was not included in these results.    
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Table 4.12: Model-calculated mass loss pathways of MCB from the solution for each 
set and average of sets in degradation experiment with 
monochlorobenzene (with sodium azide) (nominal initial concentration) 
 
Loss pathways 
(NOMINAL) 
Average  
Set 1 – 4 
Average  
Set A – C 
Loss by 
degradation + 
volatilization (mg) 
1.40 1.19 
Loss to roots (mg) 0.06 0 
Total loss from 
solution (mg) 
1.46 1.19 
4.4.4 Wetland model simulations 
Table 4.13: Model-calculated results of concentration, volume and mass change of   
MCB with time in a wetland 
CALCULATED RESULTS FOR A WETLAND 
Time Concentration Volume Mass 
day mg/L L mg 
0.00 20.00 2500.00 50000.00 
1.00 13.67 2499.99 34171.65 
2.00 9.58 2499.99 23946.07 
3.00 6.93 2499.98 17321.47 
Change 13.07 0.02 32678.53 
    
Percent change 65.4 0.001 65.4 
Table 4.13 shows the results for a wetland calculated by the dynamic model. 
Information about the wetland was described previously in section 3.3.2.1. 
Degradation rate constant for solution was accepted as 0.390 1/d. According to the 
model results, the percent change of concentration and mass that would take place in 
Csolution is about 65%. The change in volume takes place due to transpiration and it is 
very low (0.001%). Figure 4.40 and Figure 4.41 show the model-calculated 
concentration change and mass change of MCB in the wetland respectively. 
When the degradation rate constant for solution was accepted as 0.422 1/d, the 
removal efficieny increased to 68.1%. 
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Figure 4.40: Model-calculated concentration change of MCB with time (t = 0 – 3 d) 
for a wetland 
 
Figure 4.41: Model-calculated mass change of MCB with time (t = 0 – 3 d)            
for a wetland 
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4.5 Discussion 
The outcome for experiments and model simulations for degradation of MCB can be 
summarized and discussed in following ways: 
- Both degradation experiments showed a decrease in MCB concentrations with 
time. The percent decrease was between 40.2% and 100% for the first 
degradation experiment, which are the values at concentrations of 10 mg/L and 1 
mg/L respectively with measured initial concentration values; while it was 
between 53.2% and 100% with nominal initial concentration values. Both 
controls without trees showed more than 50% loss, which shows that 
volatilization was probably highly effective. The decrease for sets with living 
trees at 5 mg/L occurred as 74.4% and 66.9% for real and nominal initial 
concentration values respectively. It is noticeable that unlike the results at 1 and 
10 mg/L, the percent removal at 5 mg/L increased for the measured initial 
concentration; which probably occurred due to an error during analytical 
measurements at this concentration. Considering all, the results of the first 
experiment were not able to be interpreted clearly. 
- For the second degradation experiment, which had an initial MCB concentration 
of 5 mg/L, the percent decrease was between 40.9% and 70.7% respectively with 
measured initial concentration values; while it occurred between 49.6% and 
75.2% for nominal initial concentration values. The decrease in percent removal 
in this experiment can be related to sodium azide addition; which showed a toxic 
effect particularly on willow trees but probably was not enough to kill all 
bacteria.  
- The degradation rate constants for the degradation processes in solution were 
calculated from the results of the second experiment. The concentration change 
was observed to be exponential for the sets with living trees, which indicated 
bacterial activity, while the trend seemed to be linear for sets without living trees. 
It was found that the highest rate was of degradation by volatilization, which took 
the value of 0.204 and 0.229 1/d for real and nominal initial concentrations 
respectively. Second highest rate was of rhizosphere bacteria, 0.122 1/d, for both 
real and nominal initial concentrations and the lowest was of non-specific 
degradation, 0.064 and 0.071 1/d, for real and nominal initial concentrations
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respectively. These results show that volatilization and degradation by rhizosphere 
bacteria were the main processes for MCB removal from the solution. 
- The degradation rate constants calculated from the second experiment were used 
in the degradation model. The model predicted the percent mass removal of MCB 
from the solution with living trees as 70.2% and 72.9% for average real and 
nominal initial concentrations respectively while the prediction was lowered to 
55.3% and 59.4% for the solution without living trees. Therefore, the difference 
between model results for sets with and without living trees accounts for around 
14%, which indicates the importance of presence of trees. When the model results 
were compared to the average measured loss results, the model results were seen 
to be 5 – 10 % higher. Considering this difference, it can be said that the model 
calculations were compatible with the measured results from the experiments. 
- Model calculations for loss pathways of MCB showed that mass loss to roots 
accounted only for about 4% of total loss from solution, which means that tree 
uptake had little effect on loss compared to other processes but probably helped 
bacterial degradation by the presence of its roots. It was also predicted that the 
highest mass accumulated in the stem while the lowest final mass occurred in the 
leaves, which may be a result of the volatilization of MCB from leaves. 
- The wetland model calculated removal efficiency for MCB as 65.4% and 68.1%; 
for real and nominal degradation rate constants for solution respectively. 
In order to better compare the concentration results from the second experiment 
statistically, a one-tailed t-test was performed in Excel. The test was performed 
between concentration results for replicates of Set 1 and Set 2, Set 3 and Set4, Set 
1 and Set 3 plus Set 2 and Set 4, at each sampling time between 0 – 72 h. 
According to the results of the statistical analysis, a significant difference was 
only found at t = 72 h between Set 1 and Set 2 plus Set 3 and Set4. It can be 
interpreted as bacteria inoculation in Set 1 and Set 3 resulted in increase in MCB 
degradation indeed by the end of the experiment. Moreover, when results of Set B 
and Set C are compared, there is no significant increase by bacterial addition, 
which indicates that presence of living trees enhance bacterial degradation by 
releasing enzymes, oxygen for bacteria or providing a living surface for them. 
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5. CONCLUSIONS AND RECOMMENDATIONS 
This master’s thesis investigated the processes that have a role in elimination of 
monochlorobenzene, MCB from water in the presence of willow trees (Salix 
viminalis) and bacteria from a wetland rhizosphere. Laboratory experiments were 
conducted in order to define the processes occurring and to assess whether plant 
uptake or microbial degradation had a more important role in the removal of MCB; 
also, to use experimentally obtained degradation rate constants for the removal 
processes in a model to better analyze and predict these processes in a solution and 
eventually in a wetland.  
The results of this study showed the main processes that had a role in elimination of 
MCB were volatilization and degradation by rhizosphere bacteria respectively. 
MacLeod et al., 1999 also found in laboratory studies with wetland microcosms 
planted with reed that volatilization was a major elimination process for MCB (as 
cited in Braeckevelt et al, 2008). In addition, Braeckevelt et al., 2008 found that 
aerobic microbial degradation was main process for MCB in a constructed wetland 
planted with common reed (Phragmites australis). In general, therefore, the findings 
of this research confirm the results of other related researches and contributes 
additional evidence with a different type of plant. Also, non-specific bacterial 
degradation was also estimated which possibly occurred due to the non-sterile 
conditions of the experiments. Tree uptake was found to have a smaller effect 
compared to other processes. Yet, another finding was that presence of living trees 
probably enhanced degradation by rhizosphere bacteria; therefore, plants had more 
than one role in elimination of MCB. 
An important outcome of this study is that a model was developed based on the 
model by Larsen et al., 2005 and it was possible to simulate the removal processes 
for MCB in a solution. The difference between the MCB loss predicted by the model 
and measured results was around ± 5 - 10%. The model was also applied to the 
constructed wetland that was built in Bitterfeld, Germany for the treatment of 
 74 
 
groundwater; this wetland was researched by Braeckevelt et al., 2008 and was found 
to have a maximum MCB removal efficiency of 71% in the upper layer of the 
wetland. The model used in this thesis calculated a removal efficiency of about 65%. 
However, it should be noted that in the study by Braeckevelt et al., 2008, the average 
MCB removal efficiency was found to be 48% due to the variability of removal 
efficiency between the depths of wetland beds, which was mentioned to indicate 
effects of oxygen. In addition, distance from inflow was another point mentioned to 
be important in removal efficiency. 
Considering the results of this thesis, it should be mentioned that this study had a 
number of limitations to consider. Firstly, metabolism of MCB inside plants was not 
researched in this study while Larsen et al., 2005 included closed bottle tests for this 
purpose. Therefore, the model that was implemented in this study for MCB did not 
include enzyme kinetics, which effects the concentration in roots, stem and leaves. 
Another limitation is that the model applied to the wetland did not consider the 
conditions in various depths of the wetland or various points away from inflow. Also, 
the plant type used in the wetland differed from the one used in this study. Finally, 
this study did not research and evaluate species of bacteria that played a role in 
degradation of MCB in the experiments.  
Overall, current findings in this study add to current literature and to our 
understanding of degradation processes of MCB by willow trees (Salix viminalis) 
with a modelling approach. This approach can serve to predicting removal of MCB 
from the environment as well as removal of other organic contaminants from the 
environment by willow tree; also, it may be used as a base for similar studies with 
different wetland plants or phytoremediation methods.   
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APPENDICES 
 
REAL  Set 1 Set 2 Set 3 Set 4 Average Set  
1 – 4 
Roots Uptake roots 
(mg) 
0.056 0.054 0.053 0.054 0.054 
 
Loss roots 
(mg) 
0.044 0.042 0.042 0.042 0.043 
 
Final mass in 
roots (mg) 
0.012 0.011 0.011 0.011 0.011 
Stem Uptake stem 
(mg) 
0.044 0.042 0.042 0.042 0.043 
 
Loss stem (mg) 2.35E-04 2.26E-04 2.24E-04 2.26E-04 2.28E-04 
 
Final mass in 
stem (mg) 
0.044 0.042 0.042 0.042 0.043 
Leaves Uptake leaves 
(mg) 
2.35E-04 2.26E-04 2.24E-04 2.26E-04 2.28E-04 
 
Loss leaves 
(mg) 
2.35E-04 2.26E-04 2.24E-04 2.26E-04 2.28E-04 
 
Final mass in 
leaves (mg) 
1.06E-07 1.02E-07 9.98E-08 1.02E-07 1.03E-07 
 
APPENDIX A.1 : MCB loss pathways and concentrations inside the plant 
                                
Table A.1: Model-calculated distribution of MCB mass in plant parts (roots, stem and 
leaves) after uptake by roots for each set with living trees and average of sets 
in second degradation experiment 
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Table A.2 Model-calculated distribution of MCB mass in plant parts (roots, 
stem and leaves) after uptake by roots for average of sets in second 
degradation experiment (nominal initial concentration) 
NOMINAL  Average Set 1 – 4 
Roots Uptake roots (mg) 0.060 
 
Loss roots (mg) 0.048 
 
Final mass in roots 
(mg) 
0.012 
Stem Uptake stem (mg) 0.048 
 
Loss stem (mg) 2.58E-04 
 
Final mass in stem 
(mg) 
0.048 
Leaves Uptake leaves (mg) 2.58E-04 
 
Loss leaves (mg) 2.58E-04 
 
Final mass in leaves 1.15E-07 
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